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Overview: 


The  overall  objective  of  the  project  is  to  identify  the  structural  factors  which  control 
electrochemical  reactivity  at  carbon  electrode  surfaces.  The  approach  combines  structural  probes 
such  as  Raman  spectroscopy,  XPS,  and  scanning  tunneling  microscopy  (STM)  with  measures 
of  reactivity,  including  electron  transfer  rate  constants  (k°)  and  adsorption.  Laser  activation  by 
short  but  intense  laser  pulses  was  used  to  modify  electrode  surfaces  and  enhance  reactivity. 
Work  to  date  has  revealed  two  important  conclusions.  First,  the  electronic  properties  of  carbon 
can  differ  substantially  from  that  of  metals,  with  major  effects  on  both  kinetics  and  adsorption. 
Second,  the  importance  of  carbon  structure  to  kinetics  depends  strongly  on  the  redox  system  in 
question.  These  conclusions  are  described  in  the  following  progress  report  with  the  citations  in 
brackets  referring  to  the  publication  list  which  follows  the  text. 

I .  Structural  examination  of  reactive  carbon  surfaces 

Raman  spectroscopy  is  a  useful  probe  for  carbon  structure,  since  the  phonons  observed 
at  ca.  1360  and  1S82  cm'‘  ate  sensitive  to  both  microcrystallite  size  and  interplanar  spacing.  We 
showed  previously  that  the  1360  cm  '  band  intensity  correlates  with  electron  transfer  reactivity 
due  to  the  dependence  of  both  phenomena  on  disorder.  During  the  current  grant  period,  the 
Raman  probe  was  enhanced  by  electrodeposition  of  Ag  particles  in  situ  [1,2]  to  yield  a  10-100 
fold  increase  in  intensity.  In  addition,  the  surface  selectivity  of  Raman  was  improved  since  the 
SERS  enhancement  distance  (ca.  20  A)  is  shorter  than  the  normal  Raman  sampling  depth  (ca. 
200  A).  After  demonstrating  the  improved  surface  selectivity  on  several  types  of  car^n,  we 
used  the  SERS  probe  to  reveal  that  several  different  sp^  carbon  electrode  materials  (pyrolytic 
graphite,  highly  ordered  pyrolytic  graphite  (HOPG),  glassy  carbon)  yield  the  same  surface  after 
electrochemical  oxidation  (Figure  1).  This  expands  and  confirms  earlier  conclusions  based  on 
the  less  surface  selective  normal  Raman  probe  [2]. 

The  surface  selectivity  of  STM  is  unquestioned,  and  we  have  used  it  to  characterize  laser 
and  pretreatment  effects  on  HOPG  and  GC.  STM  of  HOPG  reveals  significant  surface  damage 
by  a  45  MW/cm^  laser  pulse,  the  same  threshold  observed  for  activation  of  electrode  kinetics 
[3,4],  The  damage  mechanism  involves  rapid  nonisotropic  thermal  expansion  of  the  graphite 
lattice,  creating  strain  and  rupture.  The  degree  of  lattice  damage  was  correlated  with  increases 
in  electrode  kinetics  and  adsorption. 

For  the  case  of  glassy  carbon  (GQ,  one  starts  with  a  less  ordered  and  more  ist^ropic 
material  than  HOPG,  and  laser  effects  are  different.  SEM,  STM,  and  measurements  of 
anthraquinone  2,6  disulfonate  (AQDS)  adsorption  revealed  that  25  MW/cm^  laser  pulses  had 
little  effect  on  GC  structure  or  microscopic  surface  area  [5,6,7].  In  fact,  procedures  which 
significantly  increased  electron  transfer  rates  to  several  redox  systems  had  negligible  structural 
effects  observable  by  these  probes.  These  observations  rule  out  roughness  changes, 
microstructural  changes,  or  surface  oxidation  as  the  origin  of  laser  or  heat  treatment  activation 
of  Fe(CN)'^'^,  dopamine,  or  ascorbic  acid  electron  transfer.  At  high  power  densities  (>40 
MW/cm^),  the  GC  surface  melts,  leading  to  obvious  morphological  changes  which  are  consistent 
with  predictions  of  local  temperature  [5,7]. 


Raman  Shift  (cm'^) 


Raman  Shift  (cm* 


1. 


Raman  spectra  of  oxidized  carbon  surfaces  before  (Normal)  and  after  (SERS)  deposition 
of  silver  metal.  PG» pyrolytic  graphite,  HOPG*  highly  ordered  pyrolytic  graphite. 
Note  both  enhancement  and  surface  selectivity  following  Ag  deposition. 


These  observations  are  all  consistent  with  our  previous  hypotheses  about  the  reactivity 
of  graphitic  edge  plane.  HOPG  is  low  in  edge  plane  density  and  reactivity  until  damaged  by  a 
thermomechanical  shock  or  electrochemical  oxidation.  GC  has  plenty  of  edges,  but  they  need 
to  be  exposed  by  thermal  desorption  of  impurities.  As  noted  later,  we  have  learned  much  more 
about  the  underlying  causes  of  these  effects. 

2.  Enhancement  of  GC  reactivity 

The  combination  of  fast,  in-situ  laser  activation  (LA)  with  structural  insights  from  Raman 
and  STM  resulted  in  GC  surfaces  with  unusual  electrochemical  reactivity,  and  we  have  reviewed 
the  extensive  literature  on  this  topic  [8].  As  shown  in  table  1 ,  laser  activated  GC  yields  the 
highest  rate  constants  yet  observed  for  the  commonly  studied  Fe(CN)'<^'^  benchmark  system. 
This  high  rate  is  not  accompanied  by  significant  changes  in  microscopic  area,  roughness,  or 
capacitance.  An  unexpected  reactivity  difference  for  LA  and  fractured  GC  was  observed  for  the 
dopamine  system  [9].  Provided  the  GC  surface  is  clean  (as  after  laser  activation),  dopamine  and 
other  catechols  adsorb  through  their  aromatic  rings,  independent  of  electrostatic  charge. 
Combined  with  the  kinetic  and  structural  data,  these  results  imply  that  fractured  or  laser  activated 
GC  supports  fast  electron  transfer  and  adsorption  of  certain  molecules  without  the  involvement 
of  oxides,  provided  the  surface  history  from  polishing,  etc.,  is  removed.  The  inherent  reactivity 
of  GC  is  the  subject  of  work  propos^  later. 


Figure  2.  Summary  of  anisotropic  properties  of  HOPG.  k“  is  for  FefCN)"^-*,  I  M  KCl; 

Taqds  is  AQDS  adsorption  in  I  M  HCIO4.  k®,  C®,  F  were  measured  on  same 
HOPG  surface.  From  reference  [10]. 

3.  Anisotropy  of  graphite  reactivity 

A  major  objective  of  the  woric  proposed  for  the  1991-94  grant  period  was  understanding 
the  factors  controlling  electron  transfer  Idnttics  at  well  defined  carbon  surfaces.  The  basal  plane 
of  HOPG  is  such  a  surface,  since  it  is  atomically  well  defined  and  relatively  easy  to  prepare. 
Previous  work  by  Yeager^  and  Gerischer  revealed  an  unusually  low  capacitance  for  HOPG,  but 
electrode  kinetics  had  not  been  studied  in  any  detail.  After  extensive  Raman,  adsorption,  SEM, 
capacitance  and  kinetic  investigations  of  HOPG,  we  concluded  that  all  of  its  electrochemical 
properties  ere  very  anisotropic  [10].  The  capacitance,  anthraquinonone  2-6  disulfonate  (2,6 
AQDS)  adsorption,  and  k®  for  several  redox  systems  all  depend  strongly  on  the  number  of 
defects  of  a  given  basal  plane  surface.  For  42  differait  surfaces  on  which  the  three  observables 
were  measured,  C®,  F^oos*  other,  indicating  that  all  three  are  controlled  by 

some  wet^hfed  average  of  defect  and  basal  plane  regions  [10].  These  anisotropic  properties  are 
summarited  in  Figure  2. 


A  quantitatwe  comparison  of  HOPG  and  GC  properties  is  made  in  Table  2. 


Table  2 


1360/1580 

Raman 

Ratio 

^^AQDS 

pmol/cm^ 

C® 

pF/cm^ 

cm/s 

l^C.6 

cm/s 

GC-20  polished 

1.8 

186 

33 

0.002 

<0.1 

GC-2C  3x25 
MW/cm* 

1.8 

336 

34 

SO.5 

0.55 

GC-20  Fractured 

1.1 

533 

>5 

0.5 

0.5 

HOPG  validated 

<0.005 

<1 

<1 

<10* 

0.003 

HOPG  cleaved 

<0.005 

1-70 

1-6 

io-*-io-2 

.003- 

0.05 

HOPG  «dge 

1.1 

>200 

-70 

-.1 

Once  the  importance  of  defects  to  observed  HOPG  kinetics  is  appreciated,  it  is  possible 
to  approach  "perfect"  basal  behavior  by  testing  a  given  surface  for  defects  with  some  known 
system  (in  our  case  Fe(CN)’^''  -‘).  With  great  care,  it  was  possible  to  study  13  redox  systems  on 
HOPG  which  had  first  been  "validated"  to  have  very  low  defect  density  [11],  The  rates 
observed  for  such  surfaces  represent  upper  limits  of  the  true  basal  plane  rates,  and  provide  useful 
insight  into  factors  controlling  kinetics  at  carbon.  Specifically: 
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Figure  3  A.  Calculated  density  of  states  (DOS)  for  HOPG.  Second  drawing  is  an  enlargement 
of  the  overlap  between  valence  and  conduction  bands.  Taken  from  reference  8a. 


Density  of  states 


Figure  3B  Semiquantitative  comparison  of  DOS  for  Au,  HOPG,  and  semiconducting 
diamond.  Diamond  has  a  true  band  gap,  while  HOPG  does  not.  Gold  and  most 
metals  have  approximately  lOOx  higher  DOS  than  HOPG  [11].  Disorder  in 
carbon  greatly  increases  the  DOS. 


a.  All  HOPG  k“  values  were  slower  than  those  on  GC,  usually  by  3-5  orders  of  magnitude. 

b.  For  redox  systems  believed  to  involve  some  specific  chemical  interactions  such  as  a 
bridging  ligand  or  ions,  proton  transfer,  etc.,  the  HOPG  rate  was  even  slower. 

c.  k°  on  HOPG  did  not  correlate  with  any  hydrophobic  or  double  layer  effects,  but  did  track 
the  homogeneous  self  exchange  rate.  The  observed  k°  was  much  lower  than  that 
predicted  from  Marcus  theory. 

d.  Disorder  in  the  HOPG,  either  from  laser  activation  or  by  adventitious  defects,  greatly 
increases  k“  for  all  systems  studied.  It  is  quite  easy  to  miss  the  unusual  effects  of  basi 
HOPG  if  the  surface  is  even  slightly  defective. 

The  origin  of  the  unusual  properties  of  HOPG  is  important  to  work  proposed  below,  and 
appears  to  depend  on  two  major  issues.  First,  HOPG  is  a  semimetal,  with  a  band  structure 
shown  qualitatively  in  Figure  3.  The  density  of  electronic  states  (DOS)  in  HOPG  is  about  I  % 
that  of  a  metal,  but  still  higher  than  a  semiconductor.  Although  HOPG  does  not  have  a  band 
gap,  it  has  a  low  DOS  at  the  Fermi  level,  which  remains  low  in  the  usual  potential  range  for 
electrochemical  solvents.  As  pointed  out  by  both  Gerischer  and  Yeager,  this  electronic  property 
leads  to  a  space  charge  capacitance  which  lowers  the  observed  capacitance  to  values  much  lower 
than  metals  ( -  3  vs  —30  fiF/cm*)  and  semiconductors  have  lower  capacitance  still  (e.g.  —0.1 
/iF/cm"  for  Ge).  By  analogy  to  Gerischer’s  theory  on  charge  transfer  at  semiconductors  (Figure 
4),  the  low  DOS  of  HOPG  will  depress  k°  because  there  will  be  few  states  available  for  e' 
transfer  at  the  E®  values  we  used  (4-1.0  to  -0.8  volts  vs  SSCE).  Thus  the  semimetal  character 
of  HOPG  leads  to  both  low  capacitance  and  low  k“.  By  analogy  to  semiconductors,  disorder  in 
the  material  increases  the  DOS  at  all  energies,  increasing  both  k®  and  C°.  (As  will  be  noted 
later,  there  is  theoretical  support  for  disorder  induced  electronic  changes  in  HOPG). 

The  second  major  factor  controlling  rates  is  important  for  redox  systems  which  involve 
specific  chemical  interactions  with  the  surface.  HOPG  has  no  dangling  bonds  or  oxides  (except 
at  defects),  and  will  not  support  inner  sphere  electron  transfer  requiring  such  sites.  A  gocd 
example  is  a  group  of  three  aquated  ions,  Fe,^^'^^,  Eu^^'^^^  anj  Vg^2/+3  These  systems 
exhibit  low  k°  on  either  HOPG  or  clean  GC,  consistent  with  their  low  kj„.  However,  even 
slight  oxidation  of  the  GC  surface  greatly  increases  k°  (by  a  factor  of  500  for  EUg^2/+3). 
attribute  this  enhancement  to  an  oxide  dependent  inner  sphere  route,  perhaps  involving  the 
following  structure; 


Overall,  we  conclude  that  electron  transfer  at  carbon  is  controlled  by  an  electronic 
factor,  which  slows  all  rates  on  HOPG,  and  a  surface  chemical  factor,  which  is  operative 
for  inner  sphere  systems.  Disorder  not  only  changes  the  electronic  factor  by  increasing  the 
DOS,  but  it  also  provides  edge  or  oxide  sites  for  specific  chemical  interactions.  These 
conclusions  are  an  important  step  toward  understanding  what  controls  ET  kinetics  at  carbon,  and 
they  are  the  basis  of  much  of  the  proposed  work. 


Gerischer  Semiconductor  Model: 

D_(E)  Wox  (E) 

- - 1 - * 


K(E)  =  transmission  factor 

D_(E)  =  density  of  states 

Wox(E)  =  distribution  of  Ox  vs.  Energy 

Cqx  =  surface  concentration  of  Ox 

Figure  4.  Gerischer  model  for  electrode  kinetics  at  semiconductor  electrodes,  adapted  to 
HOPG.  Low  density  of  charge  carriers  at  favorable  energy  for  e'  transfer  to  Ox 
( in  this  case)  reduces  rate  and  current. 
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Abstract 


The  hypothesis  that  laser  activation  of  glassy  carbon  (GC)  electrodes  is  thermally  driven  was 
investigated  by  comparing  simulated  surface  temperatures  for  several  lasers  and  expennv  tal  conditions. 
Assuming  no  phase  changes,  the  surface  temperature  vs.  time  proHle  for  a  laser  pulse  striking  a  GC 
electrode  was  predicted  by  rinite  difference  simulation.  It  was  predicted  that  peak  surface  temperature 
depends  on  power  density,  wavelength,  pulse  duration  and  the  optical  properties  of  the  carbon. 
Experimentally,  laser  activation  is  weakly  wavelength  dependent  for  ascorbic  acid  and  The 

surface  temperatures  required  for  activatirm  were  consistent  for  different  lasers,  supporting  the  conclu¬ 
sion  that  laser  activation  is  thermally  driven.  Furthermore,  predicted  surface  temperatures  during 
activation  were  below  the  melting  point  of  carbon  but  well  above  the  boiling  point  of  water.  The  results 
should  be  useful  for  predicting  the  effectiveness  of  different  laser  conditions  on  electron  transfer 
activation. 


INTRODUCTION 

Laser  effects  on  solids  have  been  examined  in  a  variety  of  contexts,  including 
laser  desorption  mass  spectrometry,  laser  welding  and  surgery,  and  laser  induced 
melting  of  semiconductors.  Of  particular  relevance  to  the  present  discussion  are 
laser  activation  of  solid  electrodes  for  enhancing  electron  transfer  kinetics  [1-8],  and 
pulsed  laser  melting  of  sp^  carbon  materials  [10-13].  Our  laboratory  [1-3,14]  and 
others  [6-9]  have  reported  that  in-situ  or  ex-situ  laser  irradiation  can  greatly 
increase  the  heterogeneous  electron  transfer  rate  of  several  redox  systems,  particu¬ 
larly  on  carbon  electrodes.  The  effect  is  fast,  long-lived  and  repeatable,  and  can  be 
carried  out  directly  in  the  solution  of  interest.  Activation  has  been  attributed  to 
formation  of  edge  plane  defects  on  highly  ordered  pyrolytic  graphite  (HOPG) 
electrodes  [4]  and  to  the  removal  of  chen.r  and/or  physisorbed  impurities  on  glassy 
carbon  (GC)  [14].  A  variety  of  lasers,  pulse  durations  and  peak  power  densities  have 
been  employed  in  our  lab  and  others  for  electrochemical  activation,  including 
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Nd :  YAG  (1064  nm,  9  ns  and  532  nm,  7  ns)  [1,14],  N2  (337  nm,  -  4  ns)  [6,15],  and 
iodine  (1513  nm,  150  /is)  [7].  With  proper  selection  of  parameters,  laser  activation  of 
GC  results  in  electron  transfer  rates  which  meet  or  exceed  those  achieved  by  the 
best  ex-situ  techniques  such  as  ultraclean  polishing  and  thermal  treatments  [14,16,17], 
For  completely  different  reasons,  pulsed  laser  effects  on  graphite  have  been  ex¬ 
amined,  with  the  objective  of  forming  and  characterizing  liquid  carbon  [10-13],  A 
phase  transition  to  a  metallic  liquid  state  at  ca.  4300  K  has  been  reported  when 
HOPG  is  irradiated  with  pico-  and  nanosecond  laser  pulses.  The  process  was 
concluded  to  be  completely  thermally  driven  with  rapid  thermal  expansion  of  the 
graphite  layers  followed  by  melting  at  4300  K,  Melting  was  observed  when  the 
energy  density  of  a  694  nm,  30  ns  ruby  laser  pulse  exceeded  0.63  J/cm^  [10], 
Simulations  of  peak  surface  temperature  and  melt  depth  were  consistent  with 
experimental  observations. 

If  laser  activation  of  electron  transfer  is  also  thermally  driven,  several  questions 
arise  about  the  activation  mechanism  and  the  effect  of  experimental  conditions. 
Does  the  power  density  required  for  activation  depend  on  laser  wavelength  and 
pulse  duration?  Is  melting  involved  in  activation?  Is  the  same  activation  threshold 
expected  for  in-situ  vs.  ex-situ  activation  and  for  HOPG  vs.  GC?  The  questions  were 
addressed  by  simulating  the  surface  temperature  of  GC  and  HOPG  under  various 
irradiation  conditions,  and  correlating  such  simulations  with  observed  activation 
thresholds.  Although  significant  assumptions  are  required  to  carry  out  the  simula¬ 
tions,  they  do  provide  useful  insights  into  the  factors  affecting  the  activation 
process. 

THEORY 

The  variables  which  control  the  surface  temperature  of  the  laser  irradiated 
carbon  can  be  classified  into  three  groups:  those  relating  to  the  electrode  materials, 
those  of  the  laser,  and  those  of  the  medium  in  which  irradiation  occurs.  Carbon 
material  variables  include  the  real  and  imaginary  parts  of  the  refractive  index  (n 
and  k),  the  heat  capacity,  density  and  thermal  conductivity  (Cp,  p  and  K),  and  the 
melting  point  and  heat  of  fusion.  Laser  variables  are  wavelength  (X),  FWHM 
duration  (tp),  power  density  (/g),  angle  of  incidence,  and  spatial  beam  uniformity. 
For  illumination  in  an  optically  transparent  (k  —  0)  medium,  the  medium's  refrac¬ 
tive  index  will  affect  electrode  reflectivity,  and  its  boiling  point  and  heat  of 
vaporization  may  be  important.  In  order  to  make  the  temperature  simulation 
tractable,  several  approximations  will  be  made.  First,  n,  k,  p,  Cp  and  K  for  carbon 
were  assumed  to  be  independent  of  temperature  and  equal  to  their  values  at  298  K. 
It  is  known  that  Cp,  K,  and  p  vary  significantly  with  T  for  HOPG  due  to  thermal 
expansion  [10].  For  example,  the  c-axis  thermal  conductivity  decreases  by  50%,  and 
the  heat  capacity  increases  by  21%  from  298  to  1000  K.  These  effects  should  be 
smaller  for  GC  due  to  smaller  thermal  expansion  than  for  HOPG,  and  in  any  case 
are  difficult  to  incorporate  into  the  simulation.  The  second  approximation  is  to 
ignore  phase  changes  of  carbon  or  solvent,  including  melting,  vaporization,  or 
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plasma  formation.  Below  a  carbon  surface  temperature  of  4300  K  in  air  or  vacuum, 
this  assumption  is  reasonable  if  the  heat  of  possible  desorption  of  surface  layers  is 
negligible.  Given  that  the  average  ablation  rate  of  GC  for  Nd :  YAG  pulses  is  a  few 
A  per  pulse  for  typical  conditions  [3],  there  appears  to  be  negligible  heat  loss 
through  carbon  ablation.  In  a  solvent,  it  is  likely  that  the  heated  surface  will 
vaporize  the  solvent,  resulting  in  a  lower  than  predicted  temperature.  Once  vaporized, 
however,  the  gaseous  solvent  will  have  low  thermal  conductivity  and  the  surface 
temperature  may  rise  well  above  the  solvent  boiling  point.  Any  phase  change 
(carbon  melting,  solvent  vaporization,  or  desorption)  will  require  heat,  so  a  simula¬ 
tion  ignoring  these  factors  leads  to  an  upper  limit  for  surface  temperature.  A  third 
assumption  involving  the  electrode  material  is  that  all  heat  is  conducted  away  from 
the  surface  by  the  carbon,  since  its  thermal  conductivity  is  high  compared  to  the  gas 
or  solvent.  Even  in  a  high  thermal  conductivity  solvent  like  water,  K  is  less  than 
10%  that  of  GC  (5.7  X  10“^  vs.  8.7  x  10"^  W/cm  K).  Fourth,  the  laser  beam  is 
assumed  to  be  spatially  homogeneous  across  the  irradiated  electrode  and  its  tem¬ 
poral  profile  is  assumed  gaussian.  The  latter  is  a  reasonable  assumption  for  most 
pulsed  lasers,  with  the  peak  power  (/q)  being  deHned  as  the  total  pulse  energy 
divided  by  the  FWHM  pulse  width  (/p). 

The  approach  to  simulating  temperature  vs.  time  transients  on  laser  irradiated 
carbon  is  based  on  an  explicit  finite  difference  calculation  [18]  similar  to  that  used 
for  diffusion  problems,  and  resembles  the  approach  used  by  Steinbeck  et  al.  [10],  As 
shown  schematically  in  Fig.  1,  the  distance  into  the  solid  electrode  is  divided  into 


Fig.  1.  Laser  intensity  and  temperature  profiles  within  carbon  electrode  during  laser  pulse.  Thermal 
penetration  depth  is  approximately  ^Dft,  where  t  is  the  time  after  the  laser  pulse.  AT  is  the  peak 
surface  temperature. 
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increments  and  the  temperature  in  each  increment  is  simulated  with  respect  to  time. 
The  laser  beam  penetrates  the  solid  according  to  eqn.  (1), 

/(r, /)-/(0,  (1) 

where  7(0,  /)  is  the  surface  irradiance,  R  the  reflectivity,  k  the  imaginary  part  of 
the  refractive  index  of  the  carbon,  z  the  depth  and  X  the  laser  wavelength.  Since  k 
is  fairly  large  for  sp^  carbon  materials,  the  light  penetrates  typically  less  than  1000  A 
before  50%  attenuation.  The  heat  deposited  in  each  distance  increment  is  the 
derivative  of  the  intensity,  and  will  also  track  the  time  profile  of  the  laser  pulse. 

During  and  after  the  laser  pulse,  heat  is  conducted  away  from  the  surface  into  the 
solid.  The  thermal  diffusivity  7)^  (*Xr/pCp)  has  units  of  cra^/s  and  governs 
thermal  diffusion.  It  is  necessary  to  define  a  parameter  d  which  relates  the  average 
distance  of  thermal  diffusion  during  the  laser  pulse  to  the  penetration  depth  of  the 
laser  light: 

d=(DT/p)'^Vx  (2) 

Along  with  the  dimensionless  thermal  diffusion  coefficient  (D^  »0.4S,  by 

analogy  to  the  diffusion  parameter  for  electrochemical  simulations),  d  and  k  are  the 
only  parameters  required  to  calculate  a  dimensionless  surface  temperature  vs.  time 
profile,  with  dimensionless  time  being  defined  as  t/t^.  The  dimensionless  tempera¬ 
ture  9  is  given  by  eqn.  (3)  [18], 


(AppCpPy^ 


(3) 


where  Ig  is  the  peak  laser  irradiance  (W/cm^).  In  each  time  increment  the  heat 
deposited  in  each  distance  increment  is  calculated  from  eqn.  (1),  then  heat  is 
propagated  into  the  solid.  The  resulting  9  vs.  t/t^  plots  for  each  distance  increment 
may  be  converted  to  AT  vs.  t  at  any  depth  z,  but  only  surface  values  are  reported 
here.  A  typical  9  vs.  t/t^  plot  is  shown  in  Fig.  2,  along  with  axes  showing  AT  vs.  t 
for  a  particular  set  of  conditions.  The  optical  properties  of  GC  (n  and  k)  used  to 
calculate  Fig.  2  and  Table  1  are  from  the  literature  [19,20],  and  the  necessary 
thermal  constants  (XT  -  0.0870  J/cm  s  K,  Cp  -  1.26  J/g  K,  and  p  =  1.48  g/cm^) 
were  obtained  from  the  Tokai  product  literature.  R  was  calculated  from  standard 
expressions  assuming  normal  incidence  and  known  values  of  GC  and  solvent  n  and 
k.  For  GC,  R  ranged  from  0.20  (1064  nm)  to  0.11  (263  nm).  The  approach  was 
partially  validated  by  comparison  to  a  simpler  calculation  by  Ready  [22]  which 
assumed  that  the  penetration  depth  of  the  laser  was  negligibly  small.  When  the 
present  calculation  was  performed  for  large  k  (corresponding  to  surface  absorption 
of  the  laser)  the  AT  vs.  t  curves  agreed  with  Ready’s  approach  to  better  than  1%. 

Under  the  constraints  of  the  assumptions  noted  above,  eqns.  (l)-(3)  and  Fig.  2 
permit  some  useful  predictions  before  extensive  calculations  are  made.  First,  the 
surface  temperature  change  AT  should  be  proportional  to  laser  power  density.  This 
prediction  should  apply  up  to  the  temperature  where  phase  changes  occur,  particu- 
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REAL  TIME,  RELATIVE  TO  PEAK  LASER  INTENSITY /ns 


Fig.  2.  Laser  pulse  intensity  ( - )  and  9  ( - )  as  functions  of  time.  Left  and  lower  axes  are 

dimensionless  temperature  and  time,  upper  and  right  axes  are  the  corresponding  real  time  and  tempera¬ 
ture  for  a  9  ns.  25  MW/cm^.  1064  nm  laser  pulse  applied  to  GC  in  air.  Simulation  parameters;  k  »  0.966. 
-  0.0467  cmVs- 


larly  melting  of  the  carbon.  Second,  Ar  is  proportional  to  (1  —  R),  since  less 
reflective  materials  will  absorb  more  heat.  Since  R  will  be  lower  in  water  than  in  air, 
we  would  predict  a  higher  activation  threshold  power  density  in  air.  Third,  AT  will 
depend  on  and  fp,  but  the  dependence  is  not  obvious  since  these  parameters  are 
involved  in  both  eqns.  (2)  and  (3).  They  will  be  discussed  further  below.  The 
principle  qualitative  conclusion  to  draw  from  the  theoretical  discussion  so  far  is  the 
dependence  of  AT  on  several  variables,  including  D,  X,  fp,  R,  /q,  p  and  Cp.  These 
variables  must  be  considered  when  using  laser  activation  with  different  materials, 
solvents  and  lasers. 

The  effect  of  laser  wavelength  on  6  is  shown  in  Fig.  3,  for  parameters  appropriate 
to  GC,  fp  was  fixed  at  9  ns,  but  A  was  varied  from  308  to  1064  nm  for  which  k 
equals  0.725  (308  nm),  0.711  (532  nm),  and  0.966  (1064  nm)  [20].  The  curve 
corresponding  to  surface  adsorption  (large  Ac)  is  shown  for  comparison.  Notice  that 
the  peak  d  (6^),  increases  for  shorter  X,  but  not  greatly.  Since  k  is  varying  slowly 
with  X,  this  effect  is  due  mainly  to  smaller  penetration  depth  as  X  is  decreased  (eqn. 
1),  thus  depositing  heat  in  a  thinner  layer  near  the  surface. 

Table  1  lists  the  peak  values  of  d  and  AT  simulated  for  a  variety  of  experimental 
conditions.  The  results  are  useful  for  predicting  the  effects  of  fp,  X,  etc.  on  AT,  but 
AT  values  above  40(X)  K  are  suspect  due  to  probable  melting  of  carbon  at  4300  K. 
However,  since  AT  is  linear  with  power  density  (ignoring  melting)  the  tabulated  ATp 
values  are  useful  for  scaling  to  lower  power  densities.  Some  entries  are  artificial  in 
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t/t^.  DIMENSIONLESS  TIME 


Fig.  3.  Effect  of  laser  wavelength  on  0  for  GC.  was  9  ns  and  Dy  was  0.0467  cmVs  in  all  cases.  Curve 
(a)  is  for  surface  adsorption  with  no  laser  penetration,  and  remaining  curves  are  as  follows:  (b)  X  »  308 
nm,  k  o  0.725;  (c)  532  rnn,  k  «  0.711;  (d)  X  —1064  nm,  k  »  0.966. 


order  to  flx  certain  variables.  For  example,  a  Nd:YAC  laser  cannot  normally 
sustain  25  MW/cm^  for  100  ns  (group  B),  but  the  entry  is  present  to  show  the  effect 
of  pulse  duration  at  constant  power  density.  Group  A  of  Table  1  Usts  explicitly  the 
effect  of  power  density,  and  predicts  a  peak  surface  temperature  for  the  Nd :  YAG 
case  at  25  MW/cm^  of  3230  K.  These  conditions  are  typical  of  several  previous 
experiments  with  laser  activation  [1-3,5],  and  25  MW/cm^  is  adequate  for  GC 
activation  for  most  redox  reactions.  Group  B  shows  the  effect  of  pulse  duration.  The 
first  three  entries  show  the  expected  increase  in  AT  with  longer  pulses,  provided  the 
power  is  constant.  When  pulse  energy  is  constant  rather  than  power,  shorter  pulses 
produce  higher  surface  temperature  since  less  time  is  allowed  for  thermal  diffusion. 
Group  C  shows  the  effect  of  laser  wavelength  on  AT^,  for  constant  /p  and  Iq.  Since 
k  varies  slowly  over  most  of  the  A  range  considered,  most  of  the  effect  on  AT  stems 
from  the  smaller  penetration  depth  at  shorter  wavelength.  The  resulting  increase  in 
heat  deposition  near  the  surface  leads  to  higher  ATj^  for  shorter  wavelength. 

Group  D  of  Table  1  shows  simulated  ATj,  results  for  conditions  similar  to  those 
used  in  several  reports  on  laser  activation.  ATj,  for  activation  in  water  and  air  are 
shown,  but  the  only  difference  between  the  two  media  is  assumed  to  be  the  different 

-  R)  value  caused  by  varying  refractive  index.  Solvent  vaporization  or  surface 
chemical  effects  are  ignored.  For  the  Nd ;  YAG  laser  (1064  nm)  the  10-25  MW/cm^ 
power  density  range  leads  to  AT  »  1300-33(X)  K.  A  ruby  laser  (694  nm)  at  the  same 
power  produces  larger  AT  due  to  greater  /p.  The  iodine  (1513  nm)  laser’s  long 
yields  high  AT  at  lower  Iq,  with  0.15  MW/cm^  yielding  a  ATp  comparable  to  a  25 
MW/cm^  Nd :  YAG  laser.  The  short  pulse  of  the  Nj  laser  (337  nm)  produces  a 
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TABLE  1 


Peak  values  of  9  and  AT  simulated  for  a  variety  of  experimental  conditions 


A/nm 

fp/ns 

k 

/o/MWcm"^ 

AT-p/K 

HjO 

Air 

Glassy  carbon  (p  » 

1.48  g/cm\  C, 

-  1.26  J/g  K  Dr  ~  0.0467  cm^/s) 

A  1064 

9 

0.966 

10 

0.686 

1290 

1064 

9 

0.966 

25 

0.686 

3230 

1064 

9 

0.966 

50 

0.686 

6460 

1064 

9 

0.966 

100 

0.686 

12900 

B  1064 

100 

0.966 

25 

0.835 

13100 

1064 

9 

0.966 

25 

0.686 

3230 

1064 

0.1 

0.966 

25 

0.203 

101 

1064 

100 

0.966 

2.25 

0.835 

1180 

1064 

0.1 

0.966 

2250 

0.203 

9090 

1064 

0.004 

0.966 

1000 

0.0493 

9810 

C  1064 

9 

0.966 

25 

0.686 

3230 

694 

9 

0.77 

25 

0.721 

3580 

532 

9 

0.711 

25 

0.750 

3790 

337 

9 

0.70 

25 

0.804 

4160 

308 

9 

0.125 

25 

0.816 

4270 

265 

9 

0.760 

25 

0.831 

4350 

D  1064 

9 

0.966 

25 

0.686 

3733 

3230 

1064 

9 

0.966 

10 

0.686 

1490 

1290 

694 

30 

0.77 

25 

0.802 

8290 

8100 

694 

30 

0.77 

10 

0.802 

3320 

3240 

1513 

150000 

0.958 

0.4 

0.902 

8771 

8443 

1513 

150000 

0.958 

0.15 

0.902 

3290 

3170 

532 

7 

0.711 

25 

0.731 

3530 

3260 

337 

4 

0.70 

25 

0.755 

2780 

2610 

337 

5 

0.70 

19 

0.771 

2420 

2261 

308 

17 

0.75 

15 

0.835 

3810 

3569 

265 

7 

0.76 

15 

0.820 

2400 

2270 

HOPG  (p  -  2.2S  g/cm\  C,  -  1.48  J/g  K  Dr 

(c-axis)  “  0.027  cm^/s) 

E  1064 

9 

1.52* 

25 

0.718 

2180 

1064 

9 

1.52 

37 

0.718 

3230 

1064 

9 

1.52 

45 

0.718 

3920 

694 

30 

1.52 

21 

0.835 

3890 

532 

0.02 

1.52 

7000 

0.214 

8570 

*  Calculated  from  ref.  23. 


smaller  ATp  than  the  Nd :  YAG  even  though  the  penetration  depth  is  smaller.  The 
XeCl  excimer  laser  (308  nm)  results  in  a  31(X)  K  AT  for  15  MW/cm^  power  density. 

Finally,  predictions  of  AT  for  illumination  of  the  basal  plane  of  HOPG  are  given 
in  group  E.  Based  on  published  data  [19],  k  for  HOPG  varies  slowly  in  the 
500-1064  nm  range,  and  is  assumed  equal  to  the  value  at  515  nm  (1.52).  Differences 
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in  (1  -  /?),  D^,  and  k  for  HOPG  compared  to  GC  lead  to  significantly  smaller  Arp 
for  the  same  conditions,  with  a  25  MW/cm^  Nd :  YAG  pulse  producing  a  2200  K 
rather  than  3200  K  temperature  excursion.  Our  laboratory  has  reported  a  damage 
threshold  for  the  Nd:YAG  fundamental  on  HOPG  of  45  MW/cm^  [4,5]  corre¬ 
sponding  to  a  ATj,  of  3920  K.  Steinbeck  et  al.  [10]  note  a  threshold  of  0.63  J/cm^ 
for  a  ruby  laser  (694  nm,  30  ns),  corresponding  to  3890  K.  Despite  differences  in  /q, 
and  X,  and  /p,  the  laser  damage  to  HOPG  occurs  at  similar  AJp  values  close  to  the 
melting  point  of  the  carbon.  Before  this  correlation  is  considered  firm,  however, 
note  that  the  140  mJ/cm^  damage  threshold  reported  by  Malvezzi  et  al.  [13]  for  20 
ps  pulses  on  HOPG  corresponds  to  a  much  higher  surface  temperature,  shown  in 
the  last  entry  of  Table  1. 

EXPERIMENTAL 

Except  for  the  choice  of  laser,  the  activation  experiments  were  conducted  with 
the  apparatus  described  previously  [1,3],  The  Nd :  YAG  fimdamental  (1064  nm,  9 
ns)  and  second  harmonic  (532  nm,  7  ns)  from  a  Quantel  580-10  and  the  fundamen¬ 
tal  of  a  XeCl  excimer  (308  nm,  17  ns)  were  directed  onto  a  GC  electrode  defined  by 
a  teflon  washer  on  a  GC  disk.  Power  density  was  measured  with  a  Scientech  CW 
thermal  power  meter  placed  after  the  teflon  aperture  which  defined  the  electrode 
diameter  (0.9  mm).  With  the  laser  operating  at  ca.  10  Hz,  the  power  density  equalled 
the  average  power  passing  through  the  aperture  divided  by  the  repetition  rate,  pulse 
width  and  aperture  area.  The  manufacturer’s  stated  pulse  widths  were  verified  with 
a  fast  photodiode  and  400  MHz  oscilloscope.  As  noted  previously,  the  power 
densities  stated  here  are  ±20%  due  to  spatial  and  shot-to-shot  power  variation. 
Power  density  measurements  were  made  with  the  cell  window  in  place,  but  losses 
due  to  solvent  absorption  were  ignored. 

Passage  of  the  laser  beam  through  the  teflon  aperture  produced  Fresnel  diffrac¬ 
tion  and  accompanying  power  density  fluctuation  at  the  electrode.  This  effect  leads 
to  a  ca.  ±  20%  spatial  variation  in  power  density  which  is  largest  nearest  the  edge  of 
the  illuminated  area.  For  ordered  materials  such  as  HOPG,  this  phenomenon  causes 
variable  laser  damage  and  was  avoided  by  laser  activation  in  the  absence  of  any 
aperture.  As  will  be  shown  below,  the  Fresnel  diffraction  effect  is  minor  compared 
to  effects  of  laser  wavelength,  and  will  be  ignored. 

All  laser  activation  procedures  involved  three  laser  pulses  delivered  to  a  freshly 
polish«l  electrode  (0.05  /am  Buehler  alumina,  on  Texmet  polishing  cloth)  in  the 
solution  of  interest.  Although  ultraclean  polishing  has  been  demonstrated  to  lead  to 
high  electron  transfer  rates  [16],  the  conventional  procedure  was  used  here  to  best 
illustrate  laser  effects.  Repolishing  after  each  activation  experiment  eliminated 
cumulative  effects  of  repeated  activation.  Test  redox  systems  included  ascorbic  acid 
(AA)  in  pH  7.0  phosphate  buffer  and  [from  Fe(NH4)2(S04)2]  in  1  M 

H2SO4.  The  experimental  approach  involved  observation  of  AA  and  Fe^^^^"^ 
voltammograms  as  a  function  of  laser  wavelength  and  power  density.  GC  was  Tokai 
GC-20  in  all  cases. 
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RESULTS  AND  DISCUSSION 

The  effect  of  pulsed  lasers  on  AA  oxidation  at  GC  has  been  reported  previously, 
with  1064  nm  irradiation  of  25  MW/cm^  or  higher  power  density  producing  a  large 
negative  shift  of  £p  [1].  Similar  large  increases  in  electron  transfer  rate  were 
observed  here  for  as  shown  in  Fig.  4.  A£p  decreases  from  ca.  700  mV  to 

ca.  150  mV  following  30  MW/cm^  laser  pulses.  The  effects  of  power  density  and 
wavelength  on  ^P/2  for  AA  are  shown  in  Fig.  5.  Below  5  MW/cm^,  the  laser  has  no 
observable  effect,  while  above  25  MW/cm^  ^P/2  has  reached  a  limiting  value  close 
to  that  expected  for  reversible  charge  transfer.  There  is  a  modest  but  real  effect  of 
laser  wavelength  on  activation,  with  shorter  wavelengths  activating  at  lower  power 
density.  If  one  defines  a  threshold  activation  power  density  arbitrarily  as  that  where 
^P/2  shifts  halfway  from  its  initial  to  final  value,  the  threshold  is  6,  8,  and  11 
MW/cm^  for  308,  532,  and  1064  nm  light,  respectively.  A  similar  plot  of  A£p  for 
Fe2+/3+  is  shown  in  Fig.  6  from  which  approximate  threshold  power  densities  of  10, 
16,  and  17  MW/cm^  for  308,  532,  and  1064  nm  light  can  be  determined. 

Based  on  the  simulations  listed  in  Table  1,  group  D,  the  shorter  wavelength  laser 
is  expected  to  yield  a  higher  surface  temperature.  The  simulated  ATp  values  for  the 
experimental  conditions  used  here  are  listed  in  Table  2.  Several  conclusions  are 
available  from  the  combination  of  experimental  thresholds  and  simulated  tempera¬ 
tures  listed.  First,  activation  of  GC  for  and  AA  requires  temperatures  well 

below  the  melting  point  at  ca.  4300  K.  Since  the  simulated  temperatures  are  upper 
limits  for  the  power  densities  listed,  melting  is  very  unlikely.  Second,  the  ATp  values 
compare  well  for  a  given  redox  system  despite  variations  in  X  and  This 
consistency  provides  support  for  a  thermal  mechanism  for  laser  activation,  with  a 


potential/ V( vs  Ag/AgCi) 

Fig.  4.  Voltammograim  of  1  mM  Fe^*''**  in  1  M  H2SO4,  100  V/s.  ( 
( - )  after  three  1064  nm.  30  MW /cm*  laser  pulses  delivered  in  situ. 


)  Polished  surface. 
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Fig.  5.  Half  peak  potential  for  ascorbic  acid  oxidation  on  GC-20  in  pH  7.0  phosphate  buffer.  Each  point 
was  determined  from  a  freshly  polished  surface  which  was  laser  activated  at  the  wavelengths  and  power 
densities  indicated.  Smooth  curves  are  for  dahty  and  do  not  imply  any  Tit  to  the  results.  Scan  rate  was 
100  mV/s. 


fairly  weak  dependence  on  laser  wavelength.  Third,  the  activation  temperatures  for 
AA  differ  significantly  from  those  for  Although  few  details  are  available 

on  laser  activation  of  on  GC,  the  higher  temperature  required  may  imply  a 

different  activation  mechanism  from  that  of  AA.  Although  conjecture  at  this  point, 
it  is  possible  that  requires  surface  chemical  changes  beyond  surface 

cleaning.  Fourth,  the  20-25  MW/cm^  (at  1064  nm)  power  densities  used  in  previous 
investigations  are  well  above  the  thresholds  observed  for  GC,  and  imply  values 


POWER  OENSITY/mW  cnT* 

Fig.  6.  a£p  for  Fe^'^^^'*'  in  1  M  H2SO4  in  same  format  as  Fig.  S. 
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TABLE  2 

Simulated  threshold  AT^  for  GC,  in  water 


System 

X/mm 

»p/ns 

/o  (threshold)  cm  ^ 

ArpVK. 

AA 

308 

17 

6 

1524 

532 

7 

8 

1130 

1064 

9 

11 

1620 

Fg2+/3  + 

308 

17 

10 

2540 

532 

7 

16 

2260 

1064 

9 

17 

2530 

*  Observed  laser  power  density  producing  an  value  midway  between  the  fully  activated  and 

unactivated  values. 

*’  Simulated  surface  temperature  change  for  the  experimental  conditions  present  at  threshold. 


of  2500-3300  K.  Finally,  laser  power  densities  above  those  required  to  reach  the 
activation  temperatures  may  be  unnecessary  or  even  counterproductive.  Excessive 
laser  power  may  lead  to  high  background  or  extensive  surface  damage.  Using  the 
temperature  simulation  as  a  guide,  these  effects  can  generally  be  avoided. 

As  noted  earlier,  higher  laser  powers  are  required  to  heat  basal  plane  HOPG,  due 
mainly  to  higher  reflectivity  and  density.  The  45  MW/cm^  damage  threshold  for 
1064  nm,  9  ns  pulses  produces  a  comparable  ATj,  to  the  30  ns,  21  MW/cm^,  694  nm 
ruby  laser  pulses  required  to  initiate  melting  of  HOPG  [10].  Although  melting  may 
occur  during  laser  induced  damage  of  HOPG,  it  may  not  be  required.  An  alternative 
mechanism  involves  constrained  thermal  expansion  of  the  heated  graphite  which 
can  occur  at  temperatures  below  the  melting  point  [14].  The  significantly  higher 
simulated  temperatures  required  to  activate  or  damage  HOPG  may  imply  a  differ¬ 
ent  activation  mechanism  for  HOPG  vs.  GC. 

Although  laser  activation  of  Pt  electrodes  has  been  demonstrated  [2],  it  has  not 
been  studied  in  detail.  Nevertheless,  it  is  useful  to  compare  predicted  surface 
temperatures  for  Pt  vs.  GC  electrodes.  Based  on  physical  constants  for  Pt  at  room 
temperature  [24],  the  thermal  diffusivity  (0.251  cm^/s)  is  much  higher  than  that  of 
GC  (0.0467  cmVs)  as  is  its  reflectivity  (ca.  70%  rather  than  15%).  Primarily  because 
of  these  differences,  the  laser  power  required  to  heat  a  Pt  surface  is  significantly 
higher  than  that  for  GC.  For  example,  a  1064  nm,  9  ns,  25  MW/cm^  pulse  is 
predicted  to  heat  a  Pt  surface  by  630  K,  while  100  MW/cm^  would  produce  a  2500 
K  surface  temperature  excursion  (ignoring  melting).  There  is  no  assurance  that  the 
activation  mechanisms  are  similar  on  Pt  and  GC,  but  the  point  remains  that  higher 
laser  power  densities  are  required  to  heat  a  more  reflective,  higher  thermal  conduc¬ 
tivity  material. 

CONCLUSIONS 

While  there  are  obvious  limitations  to  the  simulations  presented  here,  the 
predicted  ATp  values  do  illustrate  the  effects  of  laser  wavelength,  pulse  duration, 
and  power  density  on  surface  temperature.  Since  phase  changes  are  ignored  in  the 
simulation,  the  ATp  values  should  be  most  reliable  for  activation  in  air  or  inert  gas 


and  AFp  values  below  4300  K.  The  most  significant  experimental  observation  is  the 
weak  dependence  of  activation  on  laser  wavelength.  This  observation  is  consistent 
with  a  completely  thermally  driven  activation  mechanism,  and  rules  out  photochem¬ 
ical  effects  in  the  wavelength  range  examined.  It  is  important  to  note  that  different 
lasers  produce  markedly  different  A7J,  values  for  a  given  power  density,  and  one 
should  not  assume  that  a  threshold  power  density  for  activation  will  apply  across  all 
laser  parameters.  The  current  results  imply  that  the  peak  surface  temperature 
controls  activation  rather  than  power  density  per  se.  It  appears  that  AA  activation 
requires  a  ATp  of  ca.  1500  K,  even  if  X,  or  Iq  are  varied.  The  temperature 
simulations  are  consistent  with  our  previous  conclusion  that  laser  activation  of  GC 
involves  primarily  surface  cleaning  while  activation  of  HOPG  requires  creation  of 
edge  plane  sites  [14].  The  lower  temperatures  required  for  GC  activation  (1500-2500 
K)  may  be  adequate  for  surface  cleaning  but  insufficient  for  graphite  lattice  damage 
which  does  not  occur  until  ca.  40(X)  K.  This  possibility  is  corroborated  by  the 
observation  that  the  Raman  spectrum  of  GC  does  not  change  upon  laser  activation 
[14],  while  that  of  HOPG  does  [4].  Finally,  the  nitrogen,  iodine,  and  YAG  lasers 
used  in  several  investigations  of  laser  activation  are  predicted  to  lead  to  quite 
different  surface  temperature  excursions.  Variables  of  pulse  duration,  power  density, 
and  wavelength  should  be  considered  when  choosing  activation  conditions. 
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Abstract 

Raman  spectra,  phenanthrenequinone  adsorption,  differential  capacitance  and  scanning  electron 
micrographs  on  fractured  and  polished  glassy  carbon  (GO  surfaces  were  monitored  before  and  after 
pulsed  laser  irradiation  of  varying  power  density.  At  power  densities  below  30  MW/cm^,  the  Raman 
spectra,  PpQ,  Q,  and  SEM  appearance  of  polished  surfaces  changed  slightly  with  laser  activation. 
However,  the  Raman  spectra  of  fractured  GC  indicated  increased  disorder  during  laser  irradiation. 
After  vigorous  laser  treatment,  the  Raman  spectrum  became  similar  to  that  of  the  polished  surface,  but 
fpQ  and  C3i  on  the  fractured  surface  did  not  change  greatly  at  power  densities  below  30  MW/cm^.  At 
higher  power  densities,  both  polished  and  ffactured  surfaces  showed  significantly  higher  PpQ  and  Q,, 
and  the  SEMs  showed  evidence  of  local  melting.  After  70  MW/cm^  laser  treatment,  the  fractured  and 
polished  surfaces  were  quite  similar.  The  results  support  a  mechanism  based  on  thermomechanical 
shock  below  about  30  MW/cm^  and  local  melting  above  this  threshold. 


INTRODUCTION 

The  selection  of  an  appropriate  carbon  material  for  a  specific  electrochemical 
application  is  complicated  due  to  the  difficulty  in  predicting  its  electrochemical 
behavior,  specifically  the  heterogeneous  electron  transfer  rate  constant  k°  [1,2].  A 
significant  body  of  literature  has  been  devoted  to  the  explanation  of  the  many 
factors  which  affect  k®  on  a  variety  of  carbon  surfaces,  with  glassy  carbon  being  the 
most  widely  studied  carbon  material  in  the  context  of  electrode  kinetics  [2-11]. 
The  use  of  glassy  carbon  (GC)  as  an  electrode  material  is  widespread  due  to  its 
wide  potential  range,  relatively  low  cost,  low  porosity,  chemical  inertness,  and 
availability.  However,  electrochemical  applications  of  GC  are  complicated  by  the 
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fact  that  its  behavior  is  highly  dependent  on  its  surface  history.  The  mechanisms  of 
pretreatment  procedures  for  GC  activation  toward  electron  transfer  and  the 
subsequent  passivation  during  use  are  not  completely  understood. 

Several  surface  pretreatment  procedures  have  been  developed  for  enhancing  k° 
on  glassy  carbon.  They  include  polishing  [5,6],  chemical  and  electrochemical 
pretreatment  [12-15],  vacuum  heat  treatment  [7,16],  thermal  and  rf  plasma  treat¬ 
ments  [7,8,17,18],  and  laser  activation  [3,10,11,19].  These  methods  produce  carbon 
surfaces  which  show  increases  in  k°  by  factors  of  10  to  1000  relative  to  convention¬ 
ally  polished  surfaces  for  benchmark  systems  such  as  FefCN)^"/'*"  [1,5].  The 
mechanism  of  these  increases  in  k°  remains  an  active  area  of  research.  Kuwana  et 
al.  and  Wightman  et  al.,  proposed  that  active  sites  exist  on  carbon  and  that  the 
removal  of  impurities  such  as  polishing  debris  and  surface  oxygen  expose  these 
sites  [5,7,20-22],  while  others  propose  that  oxygen  functionalities  enhance  k°  for 
certain  redox  systems  [15,23].  Considering  the  problem  generally,  the  determina¬ 
tion  of  which  surface  variables  affect  GC  electrode  behavior  is  complex  because 
several  electrochemical  observations  are  affected  by  more  than  one  independent 
surface  variable.  For  example,  k°,  capacitance,  and  adsorption  each  depend  on  the 
independent  variables  of  surface  roughness,  surface  edge  plane  density,  and 
surface  coverage  of  oxides  or  impurities.  Since  pretreatment  procedures  such  as 
polishing  and  electrochemical  pretreatment  affect  more  than  one  independent 
surface  variable,  the  mechanism  of  activation  is  difficult  to  determine. 

In  several  previous  reports,  the  number  of  surface  variables  was  reduced  by 
starting  with  the  basal  plane  of  highly  ordered  pyrolytic  graphite  (HOPG)  [24-26]. 
For  this  case,  it  was  concluded  that  k°  for  FefCN)^"/^"  was  much  larger  on 
graphitic  edge  plane  than  on  basal  plane,  and  the  observed  k°  was  determined 
primarily  by  the  fractional  coverage  of  edge  plane  on  the  surface.  A  subsequent 
study  of  GC  also  sought  to  reduce  the  number  of  surface  variables  by  examining  k° 
on  a  GC  surface  created  by  fracturing  in  the  electrolyte  solution.  This  surface  did 
not  undergo  any  intentional  pretreatment,  yet  exhibited  a  high  (0.5  cm/s)  k°  for 
Fe(CN)g~/^~  in  1  M  KCl  [3].  In  the  current  investigation,  the  fractured  GC 
surface  was  examined  in  more  detail,  and  compared  with  a  conventionally  polished 
surface.  By  observing  Raman  spectra,  phenanthrenequinone  (PQ)  adsorption, 
capacitance,  and  we  sought  to  gain  a  better  understanding  of  GC  surface 
variables  which  affect  electrode  kinetics. 

EXPERIMENTAL 

Raman  spectra  of  GC  surfaces  were  obtained  in  air  with  514.5  nm  light  and  a 
Spex  1403  spectrometer.  The  spectral  bandpass  was  10  cm■^  and  typical  laser 
power  at  the  sample  was  between  50  and  70  mW.  Laser  activation  was  performed 
using  a  Quantel  (Continuum)  model  580-10  Nd:  YAG  laser  delivering  9  ns  pulses 
at  1064  nm.  Laser  pulses  were  delivered  in  groups  of  three  unless  otherwise  noted, 
in  order  to  average  spatial  and  temporal  variations.  Power  density  was  determined 
by  measuring  the  average  power  through  a  1.4  mm  metal  aperture.  The  electro- 
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chemical  cell  used  for  all  experiments  was  constructed  of  Teflon  with  a  BK-7 
quartz  window  ( >  95%  transmittance)  to  allow  the  1064  nm  laser  radiation  to 
impinge  upon  the  GC-20  electrode  in  solution. 

GC-20  working  electrodes  were  fabricated  from  a  Tokai  GC-20  plate  by  first 
diamond  sawing  the  carbon  then  sanding  the  piece  obtained  into  a  small  rectangle 
of  approximate  dimensions  0.05  x  0.05  x  1.0  cm.  The  carbon  microrod  was  then 
mounted  onto  a  conducting  surface  and  coated  with  Eccobond  Epoxy 
(Emerson  &  Cuming,  Inc.,  Woburn,  MA)  as  opposed  to  the  Torr  Seal  (Varian) 
used  previously  [3].  Prior  to  each  use,  the  glassy  carbon  electrode  was  polished 
with  slurries  of  1.0,  0.3,  and  0.05  /xm  alumina  in  Nanopure  (Bamstead,  Boston, 
MA)  water  on  microcloth  (Buehler),  then  sonicated  briefly  to  remove  polishing 
debris.  A  Bioanalytical  Systems  (BAS)  Ag/AgQ/3  M  NaQ  electrode  was  used  as 
the  reference,  while  a  platinum  wire  served  as  the  auxiliary  electrode.  Prior  to 
fracturing,  the  Eccobond  epoxy  was  filed  away  to  expose  a  short  GC  “post”,  which 
was  scored  and  fractured  in  solution  such  that  the  end  of  the  post  became  the 
active  surface.  Typical  areas,  as  measured  by  single  step  chronoamperometry  of 
Fe(CN)g~  in  1  M  KQ,  were  on  the  order  of  0.005  cm^  for  the  exposed  GC-20  face. 
These  small  electrodes  were  necessary  in  order  to  ensure  a  “mirror”  region  upon 
fracturing  [3]. 

Electrochemical  measurements  were  performed  using  customized  computer 
software  and  a  Scientific  Solutions  Labmaster  analog  interface  board  which 
controlled  an  Advanced  Idea  Mechanics  model  18709  potentiostat  (Columbus, 
OH).  The  potentiostat  was  driven  by  a  triangular  potential  vs.  time  ramp  from  a 
Tektronix  501A  function  generator.  Apparent  capacitance  was  measured  by  the 
method  of  Gileadi  [27,28]  which  involved  applying  a  100  Hz,  20  mV  peak-to-peak 
triangle  wave  centered  on  0.0  V  vs.  Ag/AgCl  from  the  Tektronix  function 
generator  and  recording  the  current  response  on  a  Lecroy  9400A  digital  oscillo¬ 
scope.  The  area  used  in  the  calculation  of  capacitance  and  PQ  adsorption  was 
determined  by  chronoamperometry  of  FefCIN)^"  on  a  1  to  5  s  time  scale. 
Background  corrected  current  vs.  plots  were  linear. 

Phenanthrenequinone  (PQ)  was  recrystallized  three  times  from  benzene  prior  to 
use.  The  magnitude  of  PQ  adsorption  was  determined  by  the  method  of  Anson 
[29],  using  a  10 M  solution  in  1  M  Ha04.  The  area  of  the  PQ  reduction 
voKammetric  peak  above  background  (obtained  at  100  mV /s)  was  used  to  deter¬ 
mine  the  adsorbed  charge,  and  Tpg  was  calculated  based  on  the  chronoam- 
perometric  area. 

RESULTS 

Raman  spectra  of  carbon  have  been  examined  previously  and  found  to  be  quite 
sensitive  to  the  microstructure  of  the  sp^  carbon  material  [1,3,30-32].  GC-20  has  a 
strong  1360  cm~'  band  which  is  negatively  correlated  with  the  size  of  the  graphitic 
planes.  This  band  becomes  active  due  to  a  symmetry  breakdown  at  the  graphitic 
edges.  Tuinstra  and  Koenig  reported  a  linear  correlation  between  the  reciprocal  of 
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Fig.  1.  Raman  intensity  ratio  of  GC-20  vs.  power  density  (top)  and  successive  25  MW/cm^  pulses 
(bottom).  •  Polished  surfaces,  (  a  )  fractured  surfaces.  For  the  top  plot,  a  freshly  fractured  GC  surface 
was  used  for  each  triangular  point. 

the  microcrystallite  size  and  the  1360/1582  Raman  intensity  ratio,  with 

larger  ratios  implying  more  graphitic  edges  and  smaller  microcrystallites  [32].  For 
glassy  carbon,  we  demonstrated  that  the  1360/1582  intensity  ratio  is  sensitive  to 
pretreatment  procedures  [3,301.  Specifically,  fracturing  a  GC-20  microrod  produces 
an  intensity  ratio  of  1.1,  while  polishing  increases  this  ratio  to  1.8,  implying 
mechanical  generation  of  smaller  microcrystallites. 

A  fractured  surface  was  observed  first  since  it  is  initially  free  of  surface 
contaminants  and  presumably  representative  of  the  unmodified  bulk  GC.  The  top 
plot  in  Fig.  1  summarizes  the  results  for  varying  power  density.  Each  data  point 
was  obtained  by  starting  with  a  freshly  fractured  GC  surface,  then  exposing  the 
surface  to  three  laser  pulses.  The  1360/1582  Raman  intensity  ratio  increases  for  a 
fractured  surface  with  increasing  NdrYAG  power  density,  indicating  that  mi- 
crostructural  changes  are  occurring.  Although  the  intensity  ratio  starts  at  a  higher 
value  for  the  polished  surface,  it  shows  little  change  with  laser  activation,  implying 
that  no  major  additional  microstructural  changes  are  induced.  The  bottom  graph 
in  Fig.  1  shows  polished  and  fractured  surfaces  exposed  to  successive  25  MW/  cm^ 
Nd:YAG  pulses.  The  pulses  were  delivered  in  groups  of  three  followed  by 
acquisition  of  Raman  spectra  with  the  sequence  being  repeated  until  99  pulses  had 
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Fig.  2.  Adsorption  of  phenanthrenequinone  vs.  power  density  (top)  and  successive  25  MW/cm^  pulses 
(bottom).  Electrodes  were  encapsulated  in  Eccobond  epoxy.  (•)  Surfaces  which  were  polished  prior  to 
laser  irradiation,  (a)  surfaces  which  were  initially  fractured. 


been  delivered.  These  results  indicate  that  the  Nd:YAG  laser  causes  microstruc- 
tural  changes  for  a  fractured  surface,  at  least  to  a  depth  comparable  to  the  Raman 
sampling  depth  of  ca.  30  nm  [33].  Apparently  laser  activation  of  a  surface  already 
modified  by  polishing  has  little  further  effect  on  the  carbon  microstructure,  at  least 
to  any  extent  observable  with  Raman  spectroscopy. 

The  effects  of  laser  activation  on  phenanthrenequinone  (PQ)  adsorption  and 
the  differential  capacitance  of  fractured  and  polished  surfaces  are  shown  in  Figs.  2 
and  3.  FpQ  (pmol/cm^)  was  determined  voltammetrically  via  the  equation 

Oads*'*^g^PQ  (1) 

where  is  the  integral  of  the  background  corrected  voltammetric  peak  for 
adsorbed  PQ,  n  is  2,  F  is  the  Faraday  constant,  .<4,  is  the  chronoamperometric 
area,  and  FpQ  is  the  equilibrium  coverage  of  PQ.  Note  that  FpQ  is  based  on 
chronoamperometric  area  and  makes  no  presumptions  about  microscopic  area. 
The  differential  capacitance  was  determined  via  the  equation 


(2) 
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where  ^p.p  is  the  peak-to-peak  current  due  to  double  layer  charging  in  response  to 
an  imposed  20  mV  p  -  p  triangle  wave,  v  is  the  slope  of  the  triangle  wave,  is 
chronoamperometric  area,  and  is  the  double  layer  capacitance  (/i.F/cm^). 

Referring  first  to  Fig.  2,  it  is  apparent  that  FpQ  increases  slightly  with  laser 
irradiation  below  25  MW/cm^  for  either  polished  or  fractured  surfaces.  Note  that 
PpQ  starts  at  ca.  600  pmol/cm^  for  the  fractured  surface,  about  twice  the  value  on 
the  polished  surface.  For  repetitive  25  MW/cm^  pulses,  Fpg  on  either  surface 
increases  by  at  most  40%  over  initial  values.  In  addition,  the  fractured  surface 
exhibits  consistently  higher  FpQ  for  all  conditions  except  high  power  densities.  FpQ 
for  both  fractured  and  polished  GC  increases  significantly  with  laser  activation,  by 
more  than  a  factor  of  3  for  polished  GC  at  high  power  density.  The  Fpg  values 
reported  here  are  significantly  higher  than  those  reported  previously  [3]  for  GC 
encapsulated  in  Torr-seal  epoxy.  We  attribute  this  difference  to  reduced  contami¬ 
nation  of  the  surface  by  the  Eccobond  epoxy  compared  to  Torr-seal,  for  several 
reasons.  F^q  was  comparable  to  the  Eccobond  values  when  the  GC  was  encapsu¬ 
lated  in  compression  molded  Kel-F  prior  to  fracturing.  Dopamine  adsorption  on 
fractured  GC  decreased  with  time  after  fracture  for  Torr-seal  encapsulation,  but 
was  much  more  stable  for  Eccobond  [34].  It  is  possible  that  the  seal  between 
Eccobond  and  GC  is  prone  to  microcracks,  increasing  the  effective  adsorption 
area.  However,  this  possibility  is  quite  unlikely.  Optical  microscopy  of  the  Ec- 
cobond/GC  seal  revealed  no  cracks,  and  Fpq  was  quite  reproducible.  As  noted 
below,  fast  cyclic  voltammograms  of  Fe(CN^~/*~  had  the  expected  shape  for 
planar  diffusion  without  any  cracks.  Finally,  large  cracks  are  ruled  out  by  the  good 
agreement  between  the  geometric  and  chronoamperometric  areas. 

Similar  behavior  was  observed  for  capacitance,  shown  in  Fig.  3.  At  25  MW/cm^ 
or  below,  capacitance  is  not  affected  greatly  by  laser  irradiation,  but  the  fractured 
surface  always  exhibits  higher  Q,  than  the  polished  surface.  In  addition,  repetitive 
25  MW/cm^  pulses  increase  capacitance  by  about  50%,  as  noted  in  a  previous 
report  [3].  Abwe  25  MW/cm^,  for  the  polished  surface  increases  markedly. 
Although  the  values  for  the  polished  surface  before  and  during  laser  activation 
are  similar  to  those  reported  previously  [3],  the  fractured  Q  values  are  somewhat 
higher  (55  vs.  36  probably  because  of  the  difference  in  the  encapsulation 

material  mentioned  earlier. 

Scanning  electron  micrographs  of  polished  and  fi^ctured  surfaces  are  shown  in 
Figs.  4  and  5,  respectively.  In  all  cases,  the  samples  were  gold  coated  before  SEM. 
Micrographs  obtained  at  lower  magnification  were  featureless,  and  resembled 
images  reported  previously  by  Kazee  et  al.  [35],  and  by  our  laboratory  [10].  The 
fine  structure  apparent  in  Figs.  4  and  5  may  not  have  been  visible  in  previous  work 
because  the  current  samples  were  gold  coated  or  because  of  differences  in 
polishing  procedures.  The  apparent  fissures  in  Fig.  4a  are  discussed  in  more  detail 
below.  In  Fig.  4b,  following  40  MW/cm^  laser  activation,  new  features  are 
observed  which  were  not  observed  following  25  MW/cm^  irradiation.  After  70 
MW/cm^  the  surface  is  characterized  by  occasional  large  defects  (visible  at  the 
right)  in  a  sea  of  small  (-«0.1  fim)  nodules.  Thus  major  morphological  changes 
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Fig.  3.  Apparent  capacitance  vs.  power  density  (top)  and  successive  25  MW/cm^  pulses  (bottom).  (•) 
surfaces  which  were  initially  polished,  (a)  surfaces  which  were  initially  fractured. 
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occurred  to  the  polished  surface  between  25  and  70  MW/cm^,  starting  below  40 
MW/cm^.  The  fractured  surfat^  of  Fig.  5a  exhibits  nodules  of  GC  distributed 
fairly  homogeneously.  No  obvious  changes  are  apparent  upon  laser  activation  at  40 
MW/cm^  (Fig.  5b)  and  70  MW/cm^  (Fig.  5c).  Manual  measurement  of  the 
nodules  revealed  an  average  diameter  for  the  fractured  surface  of  0.16  ±  0.05 
(N  =  109),  which  decreased  to  0.09  ±  0.03  /im  (N  -  100)  upon  70  MW/cm^  laser 
activation. 

The  SEMs  appear  to  reveal  microcracks  on  the  polished  surface,  as  well  as 
small  fissures  between  nodules  on  the  fractured  surface.  It  is  reasonable  to  suspect 
that  these  apparent  cracks  will  affect  voltammetric  peak  shapes,  since  electroactive 
species  in  the  cracks  will  undergo  thin  layer  rather  than  semi-infinite  diffusion. 
This  possibility  was  tested  by  comparing  voltammograms  for  FefCN)^"^*”  (1  M 
KCl)  at  100  V/s  with  simulated  curves  calculated  assuming  linear  diffusion,  with 
the  results  shown  in  Fig.  6.  The  background  current  decreased  somewhat  when  the 
solution  was  changed  from  Fe(C!N)^~-^^“  to  blank  electrolyte,  so  the  background 
subtraction  was  not  completely  effective.  Nevertheless,  the  voltammograms  for 
both  the  fractured  and  70  MW/cm^  surfaces  have  shapes  very  close  to  that 
simulated  for  a  k”  of  0.4  cm/s.  The  predicted  peak  current  for  planar  diffusion  is 


4 

.  ,  # 


«■  » 


■  -  '-9 


*  -• 


^'J.' 


Fi^  4.  Smnmg  electron  mkiographs  of  polished  and  laser  irradiated  GC-20  surfaces,  (a)  Freshly 
^1^^  polished  +  three  40  MW/cm^  Nd :  YAG  pulses,  (c)  polished  +  three  70  MW /cm^  Nd ;  YAG 

32  /i,  A  for  the  conditions  of  Fig.  6a,  and  the  observed  value  is  35  /lA.  Thus  the 
apparent  microcracks  or  nodules  did  not  cause  an  observable  deviation  from 
planar  electrode  behavior.  In  addition,  semi-integration  of  either  voltammogram  in 
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Fig.  5.  Scanning  electron  nucrograplu  of  fractured  and  laser  irradiated  GC-20  surfaces,  (a)  Fractured, 
(b)  fractured  +  three  40  MW/cm*  Nd :  YAG  pulses,  (c)  fractured  +  three  70  MW/cm^  Nd :  YAG  pulses. 

Fig.  6  yielded  the  expeaed  sigmoidal  shape  [36],  with  no  indication  of  adsorption 
or  thin  layer  behavior.  Both  voltammetry  and  semi-integration  are  consistent  with 
an  SILD  assumption  for  the  conditions  employed. 
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(b) 

Fig.  6.  Comparison  of  experimental  ( - )  and  simulated  ( . )  voltammograms  for  FefCN)!"/'*" 

in  1  M  KG,  100  V/s.  Background  on  experimental  curves  resulted  from  incomplete  background 
subtraction  caused  by  a  changing  background  current,  (a)  Fractured  GC-20;  (b)  fractured  +  three  70 
MW /cm^  laser  pulses.  Simulated  and  experimental  current  scales  were  arbitrarily  adjusted  to  be  equal 
before  comparison. 


DISCUSSION 

As  noted  earlier,  a  difficulty  in  relating  carbon  surface  structure  to  reactivity  is 
the  separation  of  variables  dealing  with  microstructure,  roughness,  and  cleanliness. 
The  common  dependent  variables  such  as  background  current,  and  capacitance 
depend  on  more  than  one  of  the  independent  variables  dealing  with  the  surface,  so 
one  must  attempt  to  monitor  these  surface  variables  with  some  other  observables. 
The  Raman  intensity  ratio  of  Fig.  1  is  a  good  example,  since  the  L,  and 
microcrystallite  sizes  are  in  the  region  of  2 10.0  nm,  and  would  not  be  expected 
to  depend  on  surface  cleanliness  or  roughness.  Thus  changes  in  Raman  intensity 
ratio  indicate  primarily  carbon  microstructure  with  little  interference  from  other 
variables.  Figure  1  confirms  that  the  microstructure  of  the  polished  surface  is 
already  altered  from  the  fractured  surface,  and  is  not  modified  further  by  the  laser. 
In  contrast,  the  Raman  ratio  indicates  a  decrease  in  L,  with  laser  treatment  of  the 
fractured  surface  for  either  repetitive  25  MW/cm^  pulses  or  increasing  power 
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density.  With  extensive  or  high  powered  laser  treatment,  the  Raman  ratio  for  the 
fractured  surface  approaches  that  of  the  polished  surface.  Thus  as  far  as  carbon 
microstructure  is  concerned,  the  nature  of  the  surface  following  extensive  laser 
activation  does  not  appear  to  depend  on  whether  the  surface  was  initially  fractured 
or  polished. 

One  would  expect  PpQ  to  depend  on  both  microscopic  surface  area  and  surface 
cleanliness.  However,  the  fact  that  Fpq  does  not  increase  greatly  for  laser  activa¬ 
tion  in  the  0-25  MW/cm^  power  density  range  implies  that  cleanliness  is  not  a 
major  factor  affecting  FpQ.  Since  25  MW/cm^  laser  pulses  increase  k°  for 
FeCCN)^"/^"  by  at  least  two  orders  of  magnitude  for  a  polished  surface,  one  would 
presume  that  the  surface  is  cleaned  significantly  by  the  laser  [30].  Apparently  PQ 
adsorbs  strongly  enough  that  adsorbed  impurities,  at  least  those  affected  by  the 
laser,  have  only  minor  effects  on  f'pQ-  This  argument  leads  to  the  conclusion  that 
FpQ  is  primarily  a  measure  of  surface  roughness.  Operating  under  this  assumption, 
the  results  shown  in  Fig.  2  lead  to  two  conclusions.  First,  surface  roughness  does 
not  change  greatly  for  up  to  twenty-one  25  MW/cm^  laser  pulses  or  up  to  ca.  30 
MW /cm^  power  density.  This  conclusion  is  consistent  with  the  SEM  results,  which 
show  minor  changes  in  surface  morphology  for  these  conditions.  Second,  the 
fractured  surface  has  a  higher  roughness  factor  than  the  polished  surface.  In 
relative  terms,  the  fractured  surface  has  a  microscopic  area  about  1.8  times  the 
polished  surface.  On  an  absolute  scale,  the  ideal  monolayer  coverage  for  PQ  on  a 
flat  surface,  based  on  Van  der  Waals  radii,  is  177  pmol/cm^  [37].  Therefore  the 
observed  roughness  factor  for  the  polished  surface  is  about  1.9,  while  for  the 
fractured  surface  it  is  about  3.5.  Laser  irradiation  above  30  MW/cm^  increases  the 
roughness  factor  significantly  for  both  surfaces.  It  is  obvious  that  the  roughness 
factor  is  strongly  dependent  on  surface  preparation  and  history. 

The  changes  in  capacitance  are  similar  to  those  in  FpQ,  although  one  would 
expect  Cj,  to  depend  on  additional  surface  variables  such  as  oxides,  electrolyte 
adsorption,  etc.  As  with  FpQ,  the  initial  for  the  fractured  surface  is  about  twice 
that  of  the  polished  surface.  increases  more  rapidly  during  laser  activation  of 
the  polished  surface  compared  to  the  fractured  surface,  and  this  increase  corre¬ 
lates  with  electron  transfer  activation.  However,  major  increases  in  CJi  were  not 
observed  until  laser  powers  of  30  MW/cm^  and  above  were  delivered. 

The  voltanunetry  of  Fig.  6  indicates  that  any  surface  roughness  or  heterogeneity 
is  small  on  the  scale  of  a  diffusion  layer  at  100  V/s.  For  the  time  required  to  scan 
from  the  foot  of  the  reduction  wave  to  its  peak  (1  ms),  VdF  is  about  0.70  fim.  Thus 
the  approximate  diffusion  layer  thickness  is  much  greater  than  the  surface  struc¬ 
tural  features  observable  by  SEM  (0.1  /tm),  even  at  the  fairly  high  scan  rates 
employed.  As  a  consequence,  the  microscopically  rough  surfaces  of  either  polished 
or  fractured  GC  do  not  affect  planar  diffusion  significantly. 

Based  on  electrochemical,  Ramati,  and  SEM  results,  a  model  of  the  GC  surface 
may  be  formulated.  As  shown  in  Fig.  5a,  the  fractured  GC  surface  consists  of 
nodules  with  a  mean  diameter  of  0.16  ^m.  These  nodules  are  presumably  present 
throughout  the  material,  and  were  formed  when  the  original  GC  was  fabricated.  In 
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work  to  be  reported  elsewhere,  we  have  observed  such  nodules  with  scanning 
tunneling  microscopy  on  fractured  GC  [38].  On  the  basis  of  Fig.  4A,  the  polishing 
process  flattens  the  exposed  hemisphere  of  each  nodule  to  yield  relatively  flat 
structures.  The  cracks  between  nodules  presumably  contribute  to  the  microscopic 
area,  but  are  not  large  or  deep  enough  to  contribute  to  the  observed  voltammetry. 
Since  the  surface  area  of  a  hemisphere  is  twice  the  area  of  a  circle  with  the  same 
radius,  an  idealized  case  of  closely  packed  hemispheres  would  have  twice  the 
microscopic  area  of  a  collection  of  closely  packed  circles,  ignoring  voids.  This  ideal 
case  is  clearly  oversimplifled,  but  it  does  demonstrate  that  a  surface  consisting  of 
nodules  has  a  larger  microscopic  area  than  a  flat  surface,  by  approximately  the 
ratio  observed  for  PpQ  and  C^. 

Up  to  25  MW/cnr,  laser  irradiation  has  relatively  minor  effects  on  FpQ, 
and  SEM  appearance,  but  it  does  increase  the  Raman  intensity  ratio.  On  the  basis 
of  the  intensity  ratio,  the  a-axis  microcrystallite  size  decreases  from  ca.  5.0  nm  in 
the  fractured  case  to  roughly  2.5  nm  upon  laser  activation  [32].  Apparently  this 
scale  is  too  small  to  affect  Q|  or  PpQ  significantly,  since  these  electrochemical 
variables  do  not  track  the  Raman  ratio.  The  laser  induced  microstructural  changes 
are  presumably  caused  by  thermally  induced  mechanical  shock  during  the  rapid 
heating  accompanying  laser  activation.  Thus  at  25  MW/cm^  and  below,  the  results 
are  consistent  with  a  laser  activation  mechanism  based  on  surface  cleaning. 

At  30  MW/cm^  and  above,  obvious  changes  are  apparent  in  the  SEMs,  Q  and 
fpQ.  In  Fig.  4b  (40  MW/cm^)  nodules  are  apparent,  and  in  Fig.  4c  (70  MW/cm^) 
they  are  dominant.  For  the  fractured  surface,  the  nodules  are  apparent  with  or 
without  laser  treatment,  but  they  do  decrease  in  size  upon  70  MW/cm^  irradia¬ 
tion.  Based  on  a  simple  model  ignoring  phase  changes,  we  showed  previously  that 
25  MW /cm^  pulses  will  cause  a  maximum  surface  temperature  excursion  of  about 
3700  K,  and  that  this  excursion  is  linear  in  power  density  [39].  Since  the  melting 
point  of  graphite  is  estimated  at  43(X)  K,  laser  pulses  of  30  MW/cm^  and  higher 
power  density  should  be  able  to  melt  the  GC  surface.  Melting  should  distort  the 
polished  surface  and  possibly  revert  the  surface  back  to  nodules.  For  a  fractured 
surface,  melting  and  resolidifying  causes  no  obvious  structural  changes,  but  does 
reduce  nodule  size.  The  main  conclusion  is  that  the  changes  in  and  TpQ 
starting  at  30  MW/cm^  are  likely  to  be  due  to  localized  melting  induced  by  the 
laser.  Since  power  densities  well  below  this  melting  threshold  are  adequate  for 
activation  of  electron  transfer,  melting  is  probably  not  directly  relevant  to  electron 
transfer  activation.  However,  melting  leads  to  obvious  morphological  and  electro¬ 
chemical  changes,  and  is  an  important  phenomenon  for  a  general  understanding  of 
laser  effects  on  carbon  electrodes. 

From  an  electroanalytical  perspective,  it  is  obvious  that  it  is  possible  to  overdo 
laser  activation  with  high  power  densities,  leading  to  high  capacitive  background 
and  high  microscopic  area.  On  the  other  hand,  laser  treatment  at  25  MW/cm^  and 
below  leads  to  major  increases  in  without  obvious  surface  structural  changes 
[3,10]  From  a  mechanistic  standpoint,  the  results  at  25  MW/cm^  and  below 
demonstrate  that  laser  activation  of  k"  does  not  require  roughness  or  microstruc- 
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tural  changes,  and  must  involve  a  phenomenon  not  probed  by  FpQ,  Raman,  or 
SEM,  probably  involving  removal  of  surface  impurities. 
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Abstract 


The  heterogeneous  electron  transfer  rate  constant  k"  for  PefCN)^"/^”  was  measured  by  fast 
voltammetry  at  Pt  microdisk  ei^ctrodes  with  radii  from  10  to  SO  /rm.  The  observed  k"  was  dependent 
on  electrode  pretreatment,  but  in  many  cases  exceeded  the  previously  reported  maximum  value  of  0.24 
cm/s  for  1  M  KCl  electrolyte.  When  the  electrode  was  polished  with  alumina  in  a  slurry  made  with  10 
mM  KCN,  and  the  1  M  KG  also  contained  3  mM  KCX,  k""  was  invariant  with  scan  rate  and  electrode 
radius  for  the  range  of  200-1000  V/s  and  10-50  ism,  with  a  value  of  0.55  ±0.07  cm/s.  If  KC>I  was 
absent  from  the  electrolyte,  k”  decreased  with  time  to  below  0.10  cm/s.  Laser  activation  of  the  Pt 
electrodes  in  situ  produced  reproducibly  high  k"  values  of  approx.  0.5  cm/s  which  varied  slightly  with 
laser  power  density  up  to  75  MW/cm^.  Above  this  level  A:®  increased  up  to  approx.  1.2  cm/s,  but  this 
increase  is  attributed  to  a  laser-induced  increase  in  microscopic  surface  area.  The  observations  support 
a  mechanism  for  electrode  passivation  based  on  Fe(CTJ)5“^*~  decomposition  to  a  Prussian  blue  like 
film.  This  process  can  be  prevented  by  initial  saturation  of  the  Pt  surface  with  CN“,  resulting  in  a  high 
stable  k”. 


INTRODUCTION 

The  Fe(CN)^~/^"  redox  couple  has  been  used  extensively  as  a  benchmark 
system  for  studying  electrode  kinetics  and  diffusion,  and  for  characterizing  electro- 
analytical  techniques  [1-11].  Considered  superficially,  Fe(CN)^"/^“  is  a  quasi-re- 
versible  well-behaved  redox  system  with  an  £1/2  suitable  for  Pt,  Au  and  carbon 
electrodes  in  aqueous  electrolytes  such  as  1  M  KCl.  For  this  reason,  it  has  served 
as  a  test  system  for  numerous  examinations  of  solid  electrode  preparation  and 
modiHcation,  most  notably  Pt  [1-4]  and  glassy  carbon  (GO  [12-14].  Unfortunately, 


To  whom  correspondence  should  be  addressed. 


Fe(CN)^~/‘*"  is  significantly  more  complex  than  a  superficial  examination  indi¬ 
cates.  The  heterogeneous  electron  transfer  rate  constant  k°  cm/s  depends  strongly 
on  cation  and  anion  identity  and  concentration,  with  the  cation  effect  being  more 
pronounced  [11],  Peter  et  al.  [2]  attributed  the  increase  in  with  potassium  ion 
concentration  to  the  involvement  of  K*  in  the  transition  state  for  electron  transfer. 
A  second  complication  is  the  chemisorption  and  decomposition  of 
on  Pt  surfaces,  indicated  by  Fourier  transform  IR  (FTIR),  radiochemical,  UV-Vis 
and  electrochemical  results  [1,3,5].  Galus  and  coworkers  [1,4]  noted  that  can  be 
increased  by  adding  free  CN“  to  the  electrolyte,  preventing  FefCN)^”^**" 
chemisorption.  Goldstein  and  Van  De  Mark  [11]  noted  that  large  k°  values  were 
observed  when  halides  were  chemisorbed  onto  the  surface,  and  associated  this 
effect  with  the  observed  anion  dependence  of  k°.  An  additional  issue  does  not 
involve  the  FeCCN)^”'^^'  system  directly,  but  has  an  important  effect  on  observed 
k°  values.  The  highest  literature  values  for  k°  on  Pt  in  1  M  KQ  are  in  the  range  of 
0.1-0.24  cm/s,  but  in  many  cases  these  values  are  at  or  near  the  upper  limit  of  the 
instrumental  technique  employed.  Most  previous  detailed  kinetic  examinations 
were  performed  with  conventionally  sized  Pt,  Au  or  carbon  electrodes  having  areas 
of  about  0.05  cm^  or  larger,  and  are  subject  to  ohmic  potential  errors  under  the 
transient  conditions  required  to  measure  large  k°  values.  With  the  advent  of 
ultramicroelectrodes,  these  ohmic  potential  errors  can  be  greatly  reduced,  such 
that  fast  scan  voltammetry  can  yield  more  reliable  values  above  0.2  cm/s 
[16-18].  In  some  cases  reported  in  the  literature,  the  observed  k®  values  were 
acknowledged  to  be  lower  limits  owing  to  instrumental  limitations  [14,15].  When 
the  actual  k®  is  0.1  cm/s  or  greater,  comparisons  of  various  conditions  or 
electrodes  are  difficult  with  voltammetry  or  rotating-disk  techniques  on  conven¬ 
tional  electrodes  with  areas  greater  than  about  0.05  cm^. 

Several  k®  values  for  FefCNjg"^'*"  from  the  literature  are  listed  in  Table  1  for 
various  electrode  materials,  pretreatments  and  electrolytes.  The  wide  variation  in 
k®  on  Pt  for  different  pretreatments,  with  the  highest  k®  observed  on  a  “macro¬ 
electrode”  in  1  M  KCl  being  0.22-0.24  cm/s,  should  be  noted.  In  our  previous 
work  on  GC  electrodes,  we  observed  k®  values  of  >  0.5  cm/s  following  laser 
activation  of  electrodes  with  areas  of  approx.  2  x  10'^  cm^  [13].  In  order  to 
compare  k®  on  GC  with  that  on  Pt,  it  is  necessary  to  reconsider  the  Pt  rates  using 
fast  scan  rates  and  microelectrodes  under  conditions  where  the  complications  of 
chemisorption  and  electrolyte  effects  are  removed  or  controlled.  In  addition,  we 
sought  to  evaluate  laser  activation  on  Pt  to  compare  with  the  dramatic  effects  on 
GC.  These  fairly  specific  objectives  not  only  serve  to  clarify  the  suitability  of 
Fe(CN)^“/^"  as  a  benchmark  redox  system,  but  also  bear  on  the  broader  question 
of  the  surface  chemistry  accompanying  FefCN)^"'^^"  electron  transfer  on  Pt  and 
GC 

EXPERIMENTAL 

A  LeCroy  8400-A  digital  oscilloscope  was  used  to  record  voltammograms  before 
transfer  to  a  286  based  personal  computer  with  a  locally  written  program.  A 


TABLE  1 

Jk*  for  Fe<CN)|~''^“  under  various  conditions 
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Electrode 

Pretreatment 

Electrolyte 

k’/cm  s  ~  ‘ 

Reference 

Pt 

HNO3 

IMKQ 

0.02  ±0.007 

11 

Pt 

Flame 

1  M  KQ 

0.22  ±0.01 

11 

Pt 

HNO3,  flame 

IMKQ 

0.23  ±0.23 

11 

Pt 

HCIO4,  redn  in 

KQ 

IMKQ 

0.24 

10 

Pt 

Ha04  only 

IMKQ 

0.028 

10 

Pt 

Potential  cycling 

1  M  KQ 

0.10 

2 

Pt/CN 

Potential  cycling 

1  M  KCl/0.01  M 

NaCN 

>0.1 

1 

Pt/I 

Potential  cycling 

1  MKQ 

>0.1 

1 

Au 

Potential  cycling 

IMKQ 

0.10 

15 

GC 

Laser  activation 

IMKQ 

>0.5 

13 

GC 

Fractured 

IMKQ 

0.5 

13 

Pt.  To  -  10 

fim 

Case  1  * 

IMKQ 

0.24  ±0.04 

This  work 

Pt,  ro  - 10 

fim 

Case  2** 

1  M  Ka/5  mM 

CN- 

0.42  ±0.03 

This  work 

Pt.  ro  - 10 

fim 

Case  3*= 

1  M  Ka/5  mMCN" 

0.56  ±0.07 

This  work 

Pt.  1-0  - 10 

fim 

50  MW/cm^  laser 
activation 

1  M  Ka/5  mM 

CN* 

0.46 

This  work 

*  Polished  in  a  Nanopure  waters  AI2O3  siuny,  sonicated  in  Nanopure  water.  Electrolyte  contained  no 


KCN. 

**  Polished  in  a  Nanopure  water  4-Al  303  siuny,  sonicated  in  Nanopure  water.  Electrolyte  contained  5 
mM  KCN. 

‘  Polished  in  10  mM  KCN  + AI2O3  slurry,  sonicated  in  10  mM  KCN.  Electrolyte  contained  5  mM  KCN. 


Tektronix  FG  501A  2  MHz  function  generator  was  triggered  by  the  computer  to 
output  a  triangular  potential  sweep  to  a  three-electrode  potentiostat.  Both  the 
potential  sweep  and  the  cell  current  were  monitored  simultaneously  by  the  digital 
oscilloscope,  and  then  converted  to  /  versus  E  curves  by  the  computer.  A  low-pass 
filter  (Krohn-hite  model  3200)  was  used  to  filter  out  high  frequency  noise,  with  the 
RC  set  according  to  the  RCnv  <  4  mV  criterion  [16],  Electrodes  with  radii  of  10,  25 
and  SO  /xm  were  made  by  sealing  the  same  nominal  radius  Pt  wire  (Goodfellow 
Metals)  in  type  0120  potash  soda  lead  glass  (Coming)  followed  by  annealing.  A 
12.5  /xm  radius  electrode  was  obtained  commercially  from  Electrosynthesis  Corpo¬ 
ration.  Either  polishing  and  sonicating  or  in-situ  laser  activation  was  employed  to 
prepare  the  electrode  surface.  In  the  first  approach,  the  electrode  was  immersed  in 
18  M  H2SO4  for  30  min  and  then  rinsed  with  Nanopure  water  (Sybron  Bamstead, 
16  MH/cm).  After  that,  the  electrode  was  polished  conventionally  with  180  grit 
SiC  paper  (Buehler)  followed  by  1.0,  0.3  and  0.05  fim  alpha  alumina  (Buehler)  in  a 
slurry  with  either  Nanopure  water  or  0.01  M  CN~  solution  (as  noted  below)  on  a 
Buehler  polishing  cloth  for  5  min  in  each  polishing  medium.  Immediately  after 
polishing,  the  electrode  was  sonicated  in  either  Nanopure  water  or  0.01  M  CN~ 
solution  for  5  min  in  order  to  remove  the  alumina  particles.  For  laser  activation,  a 
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Nd:  YAG  laser  (1064  nm)  was  used  as  described  previously  [8,9,13].  A  He  +  Ne 
pilot  beam  coincident  with  the  Nd :  YAG  beam  was  used  to  center  the  laser  on  the 
electrode.  The  Nd :  YAG  laser  beam  has  a  diameter  of  6  mm  and  output  power 
densities  in  the  range  of  5-l(X)  MW/cm^  at  the  electrode  surface.  The  electro¬ 
chemical  cell  used  has  been  described  previously  [9].  It  was  constructed  from 
Teflon  and  was  able  to  accept  different  size  electrodes.  The  laser  beam  passed 
through  a  quartz  window  and  the  solution  of  interest  before  impinging  on  the 
electrode.  Cyclic  voltammograms  (CVs)  were  recorded  four  times  during  each  trial 
(3  s  between  each  scan)  and  their  average  was  stored  for  subsequent  data 
processing. 

Scanning  electron  microscopy  (SEM)  was  performed  with  a  Hitachi  S-150 
scanning  electron  microscope  at  an  acceleration  voltage  of  25  kV.  Three  electrodes 
were  made  and  polished  at  the  same  time  preceding  SEM  examination.  After 
sonicating,  one  electrode  was  laser  activated  with  three  laser  pulses  at  75  MW/cm^. 
Another  electrode  was  activated  with  60  laser  pulses  at  50  MW/cm^  followed  by 
three  pulses  at  75  MW/cm^.  All  three  electrodes  were  gold-coated  before  the 
SEM  examination. 

KCl,  K4Fe(CN)g,  KI,  KBr  and  KCN  (all  AR  grade)  were  obtained  from 
Mallinckrodt  and  used  without  further  purification.  All  solutions  were  made  fresh 
daily  with  Nanopure  water  and  were  degassed  with  argon  for  10  min.  Because  of 
the  possibility  of  toxic  HCN  formation,  neither  KCN  nor  K4Fe(CN)6  solutions 
were  exposed  to  acidic  solutions  or  reagents. 

RESULTS 

CVs  obtained  with  a  Pt  microdisk  electrode  (tq  =  10  /urn)  at  600  V/s  in  the 
presence  and  absence  of  5  mM  CN~  are  compared  in  Fig.  1.  Figure  Ka)  shows  the 
background  and  FefCN)^'^'*”  CVs  with  CN"  present,  while  Fig.  Kb)  is  for  the 
case  with  CN~  absent.  Note  that  the  background  current  is  higher  without  CN", 
with  an  apparent  wave  at  about  +0.6  V  which  is  attributable  to  electrode  surface 
oxidation  or  FefCN)^--^^"  degradation.  Figures  1(c)  and  1(d)  show  background 
subtracted  CVs  with  CN”  present  (c)  and  absent  (d).  The  broken  curves  show 
simulated  CVs  for  a  -  OJ,  T  =  2rC,  and  *  0.60  cm/s  (c)  and  =  0.15  cm/s 
(d).  Note  that  the  agreement  of  theory  and  experiment  is  quite  good  with  CN~ 
present,  and  that  the  CV  exhibits  excess  current  in  the  absence  of  CN~  that  was 
not  subtracted  as  background  current.  It  should  also  be  noted,  that  the  value  of 
0.60  cm/s  for  k°  exceeds  the  previously  reported  maximum  of  0.24  cm/s  for  Pt  in 
1  M  KQ.  As  will  be  discussed  later,  it  is  significant  that  the  value  of  0.24  cm/s  was 
obtained  under  conditions  conducive  to  Q~  chemisorption. 

k°  values  for  three  different  pretreatments  and  electrolytes  are  listed  in  Table  2 
for  scan  rates  ranging  from  10  to  950  V/s.  In  the  range  from  200-1000  V/s,  k° 
shows  no  obvious  trends  but  does  exhibit  random  error.  The  low  values  of  k° 
observed  below  200  V/s  are  probably  due  to  nonplanar  diffusion  on  the  microdisk 
electrode.  At  200  V/s,  the  p  function  [19],  defined  as  p  *  inFrlv/RTDy^^,  is  33. 
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Pot«ntial  /  V  ( vt.  Ag/AgCI)  Potential  /  V  ( vs.  Ag/AgCI) 


1.00 


•0.20  0.00  0.20  0.40  0.60  O.SO 

Potential  /  V  (  *s.  Ag/AgCI)  Potential  /  V  ( vs.  Ag/AgCI) 

Fig.  1.  CVs  of  Fe(CN)ft"^^“  in  1  M  KQ  at  a  Pt  microdisk  (tq  «  10  *tm)  at  600  V/s:  (a)  signal  (curve  a) 
and  background  (curve  b)  in  the  presence  of  S  mM  KCTN;  (b)  without  KCN.  The  solid  curves  in  (c)  and 
(d)  are  the  difference  between  the  signal  and  background  of  (a)  and  (b)  respectively.  The  broken  curves 
are  simulated  CVs  for  a  »  0.5,  T  -  2rC,  k®  -  0.60  cm/s  (in  (c))  and  k®  =«=  0.15  cm/s  (in  (d)). 


As  V  OT  p  decreases,  nonplanar  diffusion  will  distort  the  CV  signiHcantly,  and  the 
Nicholson  and  Shain  [20]  approach  to  determining  k°  from  A£p  will  be  in  error. 
For  this  reason,  all  kinetic  data  reported  here  were  obtained  for  conditions  where 
p  exceeded  33.  It  should  also  be  noted  that  k°  for  case  3  in  Table  2  varies  only 
slightly  with  Tq,  ranging  from  10  to  50  pm.  Since  ohmic  potential  errors  scale 
linearly  with  Tq,  the  constant  k°  observed  implies  little  ohmic  error. 

The  time  course  of  k°  for  various  conditions  is  shown  in  Fig.  2.  In  the  absence 
of  added  CN~,  k°  starts  at  a  level  comparable  with  the  highest  literature  values 
(0.21  cm/s)  and  then  decays  over  a  70  min  period  to  approx.  0.01  cm/s  (curve  D). 
An  electrode  which  was  polished  and  sonicated  in  CN~  solution  starts  higher  (0.43 
cm/s),  but  also  decays  to  less  than  0.1  after  70  min  (curve  C).  Polishing  and 
sonicating  in  (TN”  plus  voltammetry  in  3  mM  CN"  yields  a  large  k°  which  decays 
only  slightly  with  an  average  for  0-70  min  of  0.53  ±  0.06  cm/s  (curve  A).  Finally, 
an  electrode  polished  and  sonicated  in  Nanopure  water  preceding  voltammetry  in 
3  mM  CN~  and  1  M  KQ  shows  a  slight  increase  in  with  time,  and  an  average  of 
0.40  ±  0.03  cm/s  for  the  70  min  period  (curve  B). 

It  is  clear  from  Table  2  and  Fig.  2  that  the  largest  and  most  stable  k°  values  for 
FefCNlft"'^^"  are  obtained  when  C^~  is  present  during  polishing,  sonication  and 
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TABLE  2 

Observed  A:®  for  FefCN)*"^^”  under  various  conditions 


ik®/cm  s  “  ‘ 

rg  » 10  /xm 

Case  1  * 

Case  2* 

Case  3* 

10 

0.070 

40 

0.128 

0.232 

0.240 

100 

0.144 

0.142 

0.248 

150 

0.160 

0.227 

0.145 

250 

0.186 

0.413 

0.477 

330 

0.235 

0.394 

0.570 

420 

0.170 

0.413 

0.582 

530 

0.280 

0.482 

0.556 

630 

0.258 

0.388 

0.635 

700 

0.243 

0.394 

0.605 

840 

0.267 

0.457 

0.622 

950 

0.258 

0.432 

0.438 

Mean  for 

0.24  ±0.04'’ 

0.4210.03” 

0.56  ±0.07*’ 

250-950  V/s 

rg  m  12J5  ^m,  mean 

0.5610.10” 

for  250-950  V/s 

rg^2S  ftm,  mean  for 

0.53  1  0.08” 

250-950  V/s 

rg  «  50  ftm,  mean  for 

0.54  ±0.10” 

250-950  V/s 

*  As  defined  in  Table  1. 
Standard  deviation. 


voltammetry.  Table  3  shows  the  dependence  of  k°  determined  at  600  V/s  on  CN~ 
concentration  in  the  electrolyte  used  for  voltammetry.  Although  3  mM  yields  the 
highest  k”,  the  random  error  is  significant  compared  with  the  changes  observed  for 
varying  [CN*].  It  is  sufGcient  to  say  that  a  range  of  [CN"]  from  1  to  10  mM  yields 
comparable  k°  values.  The  same  polishing  and  sonicating  procedure  was  also 
carried  out  with  Br"  and  I~  instead  of  CN~,  but  high  and  stable  k"  values  were 
not  obtained,  k”  decreased  with  time  for  the  Br~-  and  I '-containing  electrolytes. 

Based  on  previous  experience  with  GC  electrodes,  laser  activation  may  provide 
an  attractive  alternative  to  polishing  for  increasing  A:"  on  Pt  electrodes.  We  have 
shown  previously  that  intense  short  (approx.  25  MW/cm^,  9  ns)  NdrYAG  laser 
pulses  delivered  to  GC  in  situ  results  in  large  increases  in  k°  for  a  variety  of  redox 

•  systems,  including  Fe(CN)^“/^"  [8,9,131.  The  technique  avoids  sometimes  tedious 
polishing  and  prevents  exposure  of  the  electrode  to  air.  Laser  activation  was 

•  attempted  for  the  FefODj"/^”  system  on  Pt  in  5  mM  CN“+  1  M  KCl.  The 
electrodes  had  been  polished  and  exposed  to  laboratory  air  for  several  days,  but 
were  not  otherwise  pretreated  before  placing  in  the  laser  activation  ceil.  Laser 


Tima  /  min 

Fig.  2.  A;"  (determined  at  600  V/s)  versus  time  after  exposure  of  a  Pt  microdisk  (rg  —  10  fitn)  to  a  10 
mM  Fe(CN)g^"  +  1  M  KCl  solution  under  various  conditions:  curve  A;  polished  and  sonicated  in  10 
mM  KCN,  voltammetry  in  5  mM  KCN;  curve  B,  polished  and  sonicated  in  water,  voltammetry  in  5  mM 
KCN;  curve  C,  polished  and  sonicated  in  10  mM  KCN,  electrolyte  did  not  contain  KCN;  curve  D, 
polishing,  sonication  and  voltarrunetry  in  the  absence  of  CN~. 


TABLE  3 

Effect  of  CN"  concentration  on  k"  determined  at  600  V/s 


Electrode  pretreatment 

lCN"Jin 

electrolyte/mM 

k’/cm s " * 

Polished  +  sonicated 

0 

0.24  ±0.04 

in  Nanopure  water 

Polished  +  sonicated 

0 

0.40  ±0.03 

in  10  mM  CN"  solution 

Polished  +  sonicated 

1 

0.46  ±0.05 

in  10  mM  CN  solution 

Polished  +  sonicated 

3 

0.56  ±0.07 

in  10  mM  CN"  solution 

Polished  +  sonicated 

5 

0.53  ±0.08 

in  10  mM  CN"  solution 

Polished  +  sonicated 

7 

0.46  ±0.09 

in  10  mM  CN"  solution 

Polished + sonicated 

10 

0.38  ±0.08 

in  10  mM  CN"  solution 

SO  MW/cm^  laser  activation 

5 

0.57 

60  MW/cm^  laser  activation 

5 

1.04 

75  MW/cm*  laser  activation 

5 

1.19 

50  MW/cm^  laser  activation 

5  mM  Br" 

0.25* 

50  MW/cm^  laser  activation 

5mMI" 

0.21* 

*  Highest  values  observed  after  laser  activation,  decreased  with  time. 
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Laser  Power  Density  /MW  cmr‘ 

g.  3.  k  determined  in  5  mM  KCN  + 1  M  KCl  following  in-situ  laser  activation  at  increasing  power 
^nsities.  Three  laser  pulses  were  delivered  at  each  power,  and  the  activation  was  cumulative  starting  at 
low  power. 


activation  at  various  power  densities  yielded  the  results  shown  in  Fig.  3.  Laser 
activation  was  cumulative  in  this  case,  with  three  laser  pulses  delivered  for  each 
power  density  as  power  was  increased.  For  power  densities  from  10  to  50 
MW/cm^,  the  observed  A:**  was  fairly  constant  with  an  average  of  0.49  ±  0.05 
cm/s.  Above  50  MW/cm^,  increased  significantly  to  a  maximum  of  1.19  cm/s 
at  75  MW/cm^. 

The  time  course  of  k°  following  laser  activation  was  also  examined  for  25,  50 
and  75  MW/cm^  pulses,  as  shown  in  Fig.  4.  In  all  cases,  the  initial  electrode  had 
been  partially  passivated  by  long  exposure  ( >  1  day)  to  laboratory  air  preceding 


Time /min 

Fig.  4.  Plot  of  k"  versus  time  for  a  laser-activated  electrode  following  three  laser  pulses  at  laser  powers 
of  50  MW/cm^  (curve  A),  75  MW/cm^  (curve  B)  and  25  MW/cm^  (curve  C).  The  analyte  solution  is 
10  mM  Fe(CN)/~  with  5  mM  CN“  + 1  M  KCI.  Curve  D  is  same  as  curve  A  without  CN~  present. 


Fig.  S.  Scanning  electron  micrographs  of  polished  Pt  microdisk  electrodes  following  various  degrees  of 
laser  activation  in  1  M  KQ;  (a)  initial;  (b)  after  three  75  MW/cm^  pulses;  (c)  after  sixty  50  MW/cm* 
pulses  and  three  75  MW/cm^  pulses. 


laser  activation,  and  exhibited  an  initial  k°  of  less  than  0.2  cm/s.  In  the  presence 
of  5  mM  CN~,  k°  was  quite  stable  following  laser  activation,  at  least  for  70  min. 
The  75  MW/cm^  pulse  did  not  result  in  a  k°>  l.O  cm/s  in  this  case  because  the 
activation  was  not  cumulative  as  in  Fig.  3  (see  below).  In  the  absence  of  CN“ 
(curve  D),  laser  activation  did  not  result  in  as  high  a  k°  value,  and  k°  values 
decreased  with  time  for  at  least  70  min. 

Scanning  electron  micrographs  of  the  Pt  microdisk  before  and  after  laser 
activation  are  shown  in  Fig.  5.  After  polishing,  the  surface  exhibits  polishing 
scratches  but  is  otherwise  fairly  smooth.  Three  75  MW/cm^  laser  pulses  induce 
some  surface  roughening  but  polishing  scratches  are  still  visible.  Extensive  activa¬ 
tion  (sixty  pulses  at  50  MW/cm^  plus  three  pulses  at  75  MW/cm^)  caused  obvious 
surface  roughness  plus  some  pits  and  possibly  fissures.  Higher  magnification 
scanning  electron  micrographs  of  the  surface  of  Fig.  5(c)  exhibit  small  (approx.  0.1 
tim)  nodules,  apparently  solidified  from  molten  Pt.  Such  nodules  were  absent  on 
the  polished  surface.  Electrodes  treated  with  the  same  procedure  yielding  Fig.  5(c) 
exhibited  k’'  values  of  1.21  ±0.15  cm/s,  comparable  with  the  highest  rates  in  Fig. 
3. 
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DISCUSSION 

The  first  conclusion  frtnn  the  current  results  is  quite  practical.  The  k°  values 
observed  here  with  microdisk  electrodes  are  signiHcantly  higher  than  those  re¬ 
ported  in  the  literature.  Since  previous  studies  use  relatively  “large”  electrodes, 
the  observed  k**  values  are  subject  to  a  (k>wnward  bias  due  to  ohmic  potential 
errors.  The  constancy  of  with  scan  rate  in  the  range  200-1000  V/s  and  with 
electrode  radius,  plus  the  ability  to  measure  rates  of  1.2  cm/s  for  certain  condi¬ 
tions  support  the  conclusion  that  the  k?  values  of  approx.  J.5  cm/s  are  reliable, 
and  not  just  another  lower  limit.  The  results  indicate  that  the  observed  k°  values 
are  not  instrumentally  limited.  Resolution  of  the  pragmatic  issues  of  instrumental 
limits  on  k°  and  electrode  cleanliness  is  a  prerequisite  to  more  fundamental 
questions  about  the  factors  which  determine  electron  transfer  rates.  Before  elec¬ 
tron  transfer  mechanisms  can  be  elucidated,  one  must  have  confidence  in  measure¬ 
ment  techniques  and  surface  preparation.  The  high  stable  values  observed  here 
reduce  concern  about  surface  cleanliness  and  preparation,  and  permit  more 
reliable  comparison  of  FefCN)^"^^'  kinetics  on  Pt  electrodes  with  those  on  other 
surfaces. 

Given  the  previous  reports  by  Galus  and  coworkers  [1,4],  it  is  not  surprising  that 
CN~  stabilizes  k°  and  prevents  degradation  of  electrode  performance.  Galus 
proposed  that  CN~  forms  a  protective  layer  by  occupying  chemisorption  sites, 
similar  to  I“,  and  both  CN~-  and  I  "-treated  surfaces  yielded  k®  values  for 
PefCNlg"/'*"  above  the  instrumental  limit  of  0.1  cm/s.  If  this  model  is  correct,  a 
small  solution  concentration  of  strongly  adsorbing  I"  or  CN"  will  be  sufficient  to 
saturate  the  surface  and  prevent  Fe(CN)j"^^"  chemisorption.  This  observation 
should  be  considered  in  the  light  of  spectroscopic  data  indicating  formation  of  a 
Prussian  blue  like  film  in  the  absence  of  CN".  In  addition,  Bocarsly  and  coworkers 
[21,22]  have  demonstrated  chemisorption  of  FeCCN)^"^/"'’  onto  nickel  surfaces, 
and  Wieckowski  and  Szklarczyk  [3]  noted  that  CN"  can  be  bonded  at  both  ends  to 
yield  the  chemisorbed  species 

Pt— N  s  C— Fe(CN)5' 

All  these  reports  are  consistent  with  the  conclusion  that  excess  CN"  in  solution 
can  saturate  the  Pt  surface  and  prevent  Fe(CN)g"'^'‘"  chemisorption.  Since  3  mM 
(or  less)  of  free  CN"  is  apparently  enough  to  prevent  chemisorption  of  10  mM 
Fe(CN)j"/^",  the  equilibrium  constant  for  CN"  adsorption  must  be  significantly 
higher  than  that  of  Fe(CN)2"/^".  A  slight  extension  of  this  model  involves  events 
occurring  after  FeCCN)^"/**"  chemisorption.  It  is  possible  that  the  Fe(CN)5(H20)^" 
desorbs,  leaving  CN"  behind,  and  then  reacts  with  solution  FefCN)^ to 
produce  Prussian  blue  or  a  related  material  [6,23].  This  reaction  leads  to  a 
passivating  film  which  eventually  impedes  electron  transfer  and  decreases  k°. 
Although  the  current  data  do  not  test  directly  for  the  presence  of  chemisorbed 
FefCN)^"/^",  it  is  clear  that  chemisorbed  CN"  prevents  FeCCNjg"/^"  decomposi¬ 
tion.  By  polishing  and  sonicating  the  Pt  electrode  in  (TN"  solution,  the  presatura¬ 
tion  of  the  surface  may  be  particularly  effective,  leading  to  high  stable  k°  values. 


11 


Even  a  partially  passivated  electrode  exhibiting  a  low  A:®  can  be  reactivated  by 
sonicating  in  10  mM  KCN. 

Below  50  MW/cm^,  laser  activation  of  Pt  in  the  Fe(CN)^"'^^~  +CN”+  KCl 
medium  appears  straightforward,  resulting  in  k°  values  of  comparable  magnitude 
and  stability  to  the  polished  values.  Based  on  a  simple  numerical  simulation,  the 
peak  temperature  excursion  for  the  Pt  surface  activated  by  a  50  MW/cm",  9  ns, 
1064  nm  laser  pulse  has  an  upper  limit  of  approx.  1260“C  [241.  Thus  the  rapid 
surface  heating  of  the  electrode  would  be  expected  to  desorb  impurities  and 
present  an  initially  clean  surface  to  the  solution.  With  CN~  present,  this  surface 
should  rapidly  saturate  with  chemisorbed  CN~  and  a  high  should  result.  The 
stability  of  A:®  following  laser  activation  is  presumably  attributable  to  the  same 
phenomenon  that  occurs  when  CN~  is  present  during  polishing.  After  numerous 
pulses  in  the  20-50  MW/cm^  range  plus  several  above  50  MW/cm^,  the  observed 
k°  increases  above  1.0  cm/s.  Scanning  electron  micrographs  of  a  similarly  treated 
electrode  show  significant  roughness  and  surface  damage,  perhaps  from  melting  or 
surface  ablation.  It  is  quite  likely  that  the  increase  in  k°  is  a  microscopic  area 
effect,  implying  that  the  heavily  activated  surface  has  a  microscopic  area  roughly 
twice  that  of  the  initial  surface.  Without  an  independent  measure  of  microscopic 
area,  it  would  be  risky  to  conclude  that  the  heavily  laser  treated  surface  is  more 
inherently  active  than  the  other  cases.  This  uncertainty  about  area  applies  to  any 
solid  electrode,  so  that  comparisons  of  rate  constants  should  be  made  for  surfaces 
of  comparable  roughness  when  possible.  For  this  reason,  our  polishing  procedure 
was  conventional  with  the  exception  of  the  presence  of  CN". 

Table  1  combines  several  literature  values  for  FefCN)^'^^"  in  1  M  KCl  with 
current  results.  Recognizing  that  instrumental  limitations  and  surface  impurities 
usually  result  in  low  k®  values,  the  entries  in  Table  1  represent  lower  limits  of  the 
true  values.  Several  points  about  Table  1  deserve  special  note.  First,  the  highest  Ac® 
values  observed  (ignoring  the  roughened  surface)  fall  in  a  fairly  narrow  range  from 
0.1  to  0.6  cm/s,  even  for  quite  different  electrode  surfaces.  Second,  the  Pt/CN" 
values  reported  here  are  comparable  with  the  highest  results  obtained  on  fractured 
or  laser-activated  GC  [13].  On  the  basis  of  the  Marcus  theory  correlating  Ac®  with 
homogeneous  self-exchange  rates,  it®  for  FefCN)^”^^'  should  be  in  the  region  of 
1-10  cm/s,  within  an  order  of  magnitude  of  0.5  cm/s  [4,14].  Third,  an  inner-sphere 
electron  transfer  mechanism  based  on  a  CN"  or  K*  bridge  between  the  surface 
and  the  Fe(CN)|"/^"  redox  center  appears  unlikely  given  the  data  in  Table  1. 
Occupation  of  Pt  surface  sites  by  CN"  has  a  minor  effect  (a  factor  of  2)  on  the 
initial  Ac®  before  any  degradation.  If  a  K"^  or  CN"  bridge  to  the  Pt  surface  (or 
Pt/Q  surface)  were  important  to  electron  transfer,  one  would  expect  that  inten¬ 
tional  CN"  chemisorption  should  markedly  change  the  observed  Ac®.  To  carry  this 
logic  further  with  reference  to  Table  1,  Ac®  is  not  greatly  different  for  Pt/Cl, 
Pt/CN,  Pt/I,  Au,  GC  (laser)  and  GC  (fractured).  If  a  or  CN"  bridge  were 
involved  in  electron  transfer  to  FefCN)^"''^",  the  effect  would  be  very  insensitive 
to  surface  identity.  A  more  likely  conclusion  is  that  the  electron  transfer  does  not 
depend  on  a  bridging  group,  and  that  the  effect  of  chemisorbed  anions  (other  than 
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to  prevent  film  formation)  is  quite  small,  perhaps  involving  double-layer  modifica¬ 
tion  or  alteration  of  the  distance  of  closest  approach  of  the  redox  center.  Whatever 
the  effects  of  anion  adsorption  on  a  bridging  process,  they  are  veiy  much  smaller 
than  the  effects  of  surface  cleanliness  and  instrumental  factors.  If  a  bridging  or 
adsorption  mechanism  is  operative,  its  mechanism  would  have  to  be  compatible 
with  a  small  effect  of  anion  or  electrode  identity.  The  present  results  do  not  rule 
out  an  inner-sphere  mechanism  for  FefCN)^"/^"  electron  transfer,  but  they  do 
indicate  an  insensitivity  to  electrode  surface  composition. 
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INTRODUCTION 

The  wide  variety  of  tuifeoe  preparation  procedurea  for 
carbon  alactiodoa  leads  to  quite  variable  Petrochemical 
perfonnanca  </-d).  EUctroa-tniwtisr  ratea,  atfanrption.  and 
background  current  all  depend  struiigly  <m  mtrfoee  history, 
with  variations  of  several  orders  of  in  k*  beug 

observed  even  fw  allegadly  simple  redox  systems  (4-13). 
While  a  oomprohenaiva  understanding  of  the  variablM  thrt 
affect  electrode  Idnatics  on  carbon  is  not  yet  avaOabie,  it  is 
dear  that  surface  rleanliness  and  carbon  mkrostructure  are 
ofmqiorimpoctanoa  Unfortunataly.thopcoGaasrtf  relatinc 
surface  structure  to  elaetratHtransfar  activity  hm  bean  hin¬ 
dered  by  the  lack  of  adequate  probes  of  carbmi  surface 
structure  at  the  molecular  levsL  Witboutsuchprobas,coo- 
chasons  about  surface  prstrsatmsnt  sOscts  on  dsctroGbaBkal 
bdavior  are  nsosssarily  rndhact  and  provide  Ifanitad  structmal 
insight 

In  several  previous  reports,  wo  ilisnnsetl  the  relatknnhip 
between  the  Raman  spectra  of  carbon  materials  their 

dactran-tranafar  activity  A  correlation  between  the 

IdSIVcBi  (D)  bnd  of  cnbon  and  fltctrai-tmiAr 

kinotiea  far  Fe(CNl|*‘^**  and  dopandne  was  noted,  indicathm 
that  graphttk  edges  aaaodatad  with  disorder  are  important 

to  fast  dsetnn  tranafar.  lliroogh  oorrdation  of  for  Fe- 
(CN)(  f  with  capadtanee  and  D  band  intenaity,  H  was 
poasiUatohypothaeiMthattheelectraii-transfarratoisdi- 
rsctly  proportional  to  toe  surface  fraetioiMd  edge  pkM  darohy, 

ft  (IS).  Time,  the  Raman  spectrum  of  carbon  electradee 

providaa  Btiuetufal  infarmation  on  at  kmt  one  of  the  surface 
vnriaMeafrddatannhmk*  on  carbon  elsctrodes. 

uasAil  probe  of  carbon  alroctore,  it  should  be  recognind  ^ 
the  sampUag  dapto  is  aignificoiitiy  groatsr  than  UHV  surface 
anabrtiealtedmiquassiidiaB  Auger  and  XPS.  Thepboton 

peastrsUon  and  escape  depths  for  Raman  are  usually  greater 
•Author  to  whom  oottas|Madonco  thould  bo  ortinioiil 


than  the  electron  escape  depths  relevant  to  XPS  and  Auger, 
leading  to  lower  surface  selectivity  fw  the  optiP  probe.  For 
carbon  inobod  with  a  visible  laser  at  normal  incidence,  the 
sampling  depth  is  ca.  300  A  (3)  and  should  be  somewhat  lem 
at  non-itonnal  incidence.  Although  this  sampling  depth  is 
fairiy  small  due  to  the  opacity  of  carbon,  it  is  still  large  com¬ 
pered  to  the  electtochemically  relevant  depths  of  a  few  tens 
ofangetroms.  Thus,  a  pretreatment  proc^ure  that  affects 
only  a  few  atomic  layers  of  a  carbmi  surface  may  not  be  de- 
tMted  by  a  normal  Raman  probe  due  to  a  relatively  large 
signal  from  the  several  hundred  anstronu  of  bulk  carbon. 

The  current  work  was  initiated  to  decrease  the  effective 
sampling  depth  of  Raman  spectroecopy  by  exploiting  the 
surface  enhanced  Raman  rifect  (SERS).  Altbovgh  SERS  has 
been  studied  extensively  because  of  its  high  sensitivity  and 
surfM  selectivity  (16),  the  vast  majority  of  work  has  been 
carrM  out  on  Ag,Au,  rod  Cu  substrates.  Carbon  itself  is  not 
a  suitable  SERS  substrate  due  to  its  unsuitable  optical  and 
electronic  iwopertiea,  and  any  enhancement  on  carbon  would 
bevetyamalL  In  orditr  to  exploit  SERS  for  examining  carbon 
materials,  we  used  an  approach  that  is  similar  to  that  of 
Pemberton  (IT)  in  which  small,  SERS  active  Ag  partkleo  wne 
electrodepooitad  <m  Pt  surfa^  As  was  observed  for  va- 
por-^posited  Ag  partides  (iS-20),  the  material  near  the  Ag 
particles  exhibited  enhanced  Raman  due  to  the  electromag¬ 
netic  field  anhanoamant  by  the  Ag.  Thus,  the  carbon  dectrode 
material  near  an  electxodqwaited  Ag  particle  of  suitaUe  size 
should  exhibit  enhanced  Raman  within  a  few  tens  ang¬ 
stroms  of  the  Ag  (16b,  20).  Since  such  Raman  enhancement 
distances  are  much  leas  than  the  3(X)-A  normal  Raman  sam¬ 
pling  depth,  the  SERS  technique  should  be  more  surface 
aalsctivs  thro  conventional  RamatL  In  this  paper,  we  will 
dtscum  the  dapoaitioa  technique,  enhanced  spectroecopy,  and 
applications  to  several  carbim  electrodes. 

EXPERIMENTAL  SECTION 

A  idianiatie  diagram  of  the  instrument  is  shown  in  Figure  1. 
lire  spectrometer  and  coQectioo  optica  have  been  deecnbed 
pnviouaty  (21),  and  the  band  reject  (Posnftet  optics,  Orange,  VA) 
and  band-pam  (OriaO  filtsrs  were  both  centered  on  the  514.5-nm 
laasrliaa.  The  csBews  designed  both  to  hold  a  varied  of  electrode 
"toterials  and  to  properly  orient  the  incideat  beern,  electrode 
surface,  and  cnMertion  optics.  Thsbsamimpiiigsdontfaselsctrals 
at  SB  angle  of  75  A  5*  to  the  surface  normal  ertth  the  polarisation 
parallel  to  the  electrode  surface.  An  Ag  erire  quaai-refetence 
electrode  (QRB)  and  Pt  auxiliary  electrode  were  insert  in  the 
sohitto  out  of  the  optical  path  at  opposite  sides  of  ttocsfl.  Ihe 
working  electrode  is  shown  in  F^ute  2.  Teflon  idumbor's  tape 
was  used  to  seal  the  holder  to  tha  carfiBM  slarrmHa  iMtorial  It 
wm  important  to  avoid  strain  on  ttw  carbon  during  mounting, 
particularly  Car  graphite  samples,  so  the  soft  Teflon  tape  gasket 
wm  preitrabla  to  an  O-rirw. 

CosBse  optical  aUgnmsiitwm  carried  out  with  a  dummy  ^assy 

carboB  (GC)  alactrods  poaitiasiad  in  the  otil  with  aohrtian  present 
Liaaar  scatter  wm  strong  enough  from  GC  to  pannit  orianUtion 
of  the  electrode  and  inddant  beam  audi  that  the  scattered  light 
wmbnagadoathsantranoealit  Thm  the  alactroda  position  and 
ooilactioa  lass  ware  adjusted  to  maiimim  the  D  bawl  intensity 
for  a  Raman  spectrum  of  the  GC.  It  wm  important  to  have 
solution  prasasit  to  produce  the  same  focusing  oowfitiom  pvassnt 
during  the  erpsrinmit  Ones  an  adaquatosigi^  from  the  dumav 
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npM  1.  Sctwniailc  dhoram  o(  3w  MpArtmanM  appAraM.  Rpf- 
•ranop  and  wixMwy  atodrodM  wua  plaead  an  oppoaPa  lidaa  of  tha 
laotMng  ilaooda.  BN  and  OP  ara  band  raiact  and  band«aaa  (Maia. 
Laaar  powar  at  aampia  waa  ~10  t&M,  aniranoa  alt  wkPh  waa  12S 
lun. 


GC  alaelnda  naa  otaainad,  tha  GC  «aa  laplaoad  with  tlM  dactzada 
tobaatudiad.  ThaoafldaripnpannittadnmaaalaiidrapiioaBBaBt 
of  Uw  ararkmg  alactioda  aaaambly  with  to 

itapoaition  Whhtho  now  aiactrada  in  plaoa^tha  Raman  intaaiaity 
waa  again  maiimiaad  on  thaP  band  for  GC  or  thoEfc  band  foa 
pyroljrtic  giaphita  (PG)  or  bigUy  oriontod  PG  (HOPG). 

Altar  a^niiBcant  trial  and  arror,  tho  optimum  Ag  da^ticm 
wnditiniia  fat  maiinium  SERB  intanaitYwaradatamiiiiiiii.  Tha 
aohitkai  waa  05  aaM  Ad40|  pha  ai  M  NaCX>4  or  0.1  M  NaNOi 
mNanopuraiBanataaDwatar.  &ithitmadimn,thaAgwiN<^ 
hadapotaatialofO.332  VatSCE.  Tha  QRB  war  prafaraUa  to 


particularly  chlorida  ion.  Coaataat  currant  from  a  PAR  173 
gahnanoatat  waa  uaad  to  dapoait  Ag,  in  ordar  to  oaaOy  control  tha 
total  aatount  dapoaitad.  Foracniiantof20|iAoaaai2-0.38 
cm*  alactioda  araa,  tha  dapoaition  potantial  rai«ad  from -04  to 
-oeVvaQRE.  Laqat currant danaMmiaaultad in moranagativa 
potantialaicurahma  and  warn  aaoidad.  Dapoaition  timao  wora 
variad  aa  daaerihad  balow  but  waaa  typically  1-6  min.  Carbon 

Pfiaar.  and  HOPG  from  Union  Carbida  (uiNpadad  mat^  from 
Arthur  Moora). 

Tha  apaetromatar  ahown  in  Rgura  1  ia  a  modification  of  a 
praaiouo  daaign  (21).  A  200  Hna/mm  grating  in  tha  ISA  640 
apactnvaph  oparatad  in  aaeond  ordar  pcoduead  a  ca.  800<m*' 
Ranum  ahift  mnga  whan  eantaiad  at  1340  cm'‘  ralativa  to  tha 
SliA-nmAr*  laaar.  Thadatactcrwaaal-cmx  1-cmCCD.whicb 


Raman  Mtt  (cm") 

ngma  3.  Raman  apactra  of  polahad  QC^  bafora  and  dwtng  Ag 
dapoaMon.  5.0  CCD  Magndon  Ibnaa,  laaar  off  dwtng  dapoalon 
Spaeaum  a  la  of  fta  hgM  QC  aurtaoo  fev  aakNon  but  baloia  dapoaHon 
Ctavaa  b-a  aia  allar  Ag  dapoaMon  aa  tolowa:  b.  0.041  nxicUcnf, 
c.  O.OM  Mmof/on*:  d,  0.145  pmoi/cni*;  a,  0.243  pmoi/cm*. 

wan  binnad  to  baconaa  a  512  x  l  dotactor.  Laaar  poww  at  tlu 
—■npi*  aurfaea  wm  10  MW  on  a  SO^pm  x  2>mm  fo«^  apot  Tht 
laaar  light  waa  kapt  t/S  aacopt  during  apactrum  aoquiaition  to 
minimiaa  any  photodagradation  affacta  during  dapoaition  and 
Ilham  ratkai  Tha  baam  waiat  at  tha  alactioda  waa  r^tively  wide 
'-60  /tm,  thua  keeping  the  power  danaity  relatively  low.  Tlu 
Qrpiad  CCD  integration  time  waa  S  a,  with  nagiibie  dark  oounta 
for  the  CCD  ooolad  to  -110  *C.  The  Raman  ahift  range  waa 
calibrated  with  a  neon  lamp  each  time  the  grating  waa  Tepon- 
tioned.  Intenaitim  are  eaprcaaed  aa  CCD  analog/dig^tal  oonvwtei 
unita  per  aaoond  of  integration,  with  each  A/D  unit  comapooding 
to  approaimatoiy  15  photoalectiona. 

Iha  overall  eaparimantal  aeqtwnca  waa  aa  followa:  the  cell  and 
dummy  GC  electrode  were  aligned  relative  to  the  laaer  anc 
apertnenatarinthepriaenraofaolution.uaingbothelaatictcatter 
(crude  alignment)  and  the  carbon  Raman  banda  (fine  tuning). 
The  GC  electiode  waa  replaced  with  tha  tact  electrode,  and  tL 
alignmwrtwm  fine  tuned.  Once  aMgiunant  waa  complete,  an  initia 
apactrum  wm  obtained  (54  integration  time).  With  the  laaar  off, 
Ag  wm  depoaited  with  conctant  current  until  the  deaired  average 
film  thictaiem  wm  achieved.  The  working  electiode  wm  <& 
connected,  the  laaer  turned  on,  and  the  apectrum  acquired  im 
mediately.  Succamhu  apactra  at  varioua  Ag  thickneaam  were  oftar 
obtained,  with  the  lamr  on  only  during  apectrum  acquiaititm. 

RESULTS 

Raman  apactra  obtained  before  and  after  Ag  dapoaition  or 
conveotioo^  polkhed  GC  are  ahown  in  Figure  3.  The  peak 
intenaitim  incroam  by  factora  of  up  to  100  upon  depoaition 
depending  on  Ag  coverage.  The  integrated  intenaity  ratio  o: 
the  D  to  ^  banda  increaem  from  1.25  to  a  nuiximuni  of  2.1 
upon  Ag  depoaitioiL  The  changm  in  ahape  of  the  Ej^  peak 
at  -'1600  cm*‘  are  due  mainly  to  mterfarenca  by  water  in  tha 
initial  qMctium.  Once  the  SERS  intenaity  haooinm  large,  thi 
HfO  eignal  hacomm  inaignificant  oonqiaiad  to  the  carbon  E^ 
hi^.  Tha  ahaohrteDhr^  intenaity  (1360  cm~*)  and  bamline 
are  compared  in  Figure  4  m  fimctkm  of  Ag  depoaition  time 
For  tha  poliahed  (jC  aurfaea,  the  maximum  SERS  intenait} 
ia  reached  at  aa  average  Ag  covnage  of  2.1  N  10**  mol/cm*, 
baaed  on  the  geometric  electrode  area. 

SEM*!  of  the  poliahed  GC  aurfaea  are  ahown  in  Figure  5A-£  j 
at  two  coveragm  and  magnificationa.  On  low  magnificatioi  ^ 
(A  and  C),  a  dMiibution  of  *1ario”  Ag  partidm  with  diamatma 
of  ca.  2500  A  ia  anmrent,  plua  numaroua  amallar  partidm  . 
viailde  rqxm  clom  inapaction.  Highm  magnificatkm  (B  anc 
D)  levaala  numaroua  partidm  in  the  100-1000>A  range,  witl  I 
a  htfmr  danaity  of  nidi  partidm  for  the  hi^hefAgeovaraga. 
Aa  ahown  in  Figure  5E,  Ag  on  freahly  daaved  HOPG  laada  . 
to  relatively  large  partidm  and  chietem  of  ca.  1000-A  particiei 
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Ag  O«po«ition,  II  molM/cm* 

noMA.  RAmnMmMM 0(0 bind (1354 cm*') «ndbMalMdutio 
Ag  dopotWon. 

but  few  isolated  small  particles.  In  Figure  5F,  a  high  density 
of  small  Ag  particles  is  apparent  on  mechanically  damaged 
regions  of  polished  HOPG. 

As  shown  in  Figures  6  snd  7,  the  SERS  signal  decays  with 
time,  whether  or  not  the  laser  is  on  continuously.  Although 


tiui  ■ipwi  degradation  be  serious  on  a  seveiai  minute  tune 
scale,  the  spe^a  are  strtmg  enough  and  the  C(^  Cast  enough 
to  obtain  excellent  spectra  in  5  s  after  deposition.  Further¬ 
more,  the  reproducibility  oi  signal  strength  is  fairly  pom,  with 
peair  intensities  having  a  standard  deviation  of  50%  for  N  * 
10.  Thus,  quantitative  conclusions  baaed  on  absolute  intensity 
will  be  difficult  in  any  case,  and  the  signal  decay  must  be 
considered  in  the  experimental  design. 

Although  the  polished  GC  surfaces  used  for  Figures  3-7 
demonstrate  that  SERS  <*«n  be  used  to  enhance  substrate 
MuttoTing,  structural  inferences  are  more  straightfotward  with 
more  ordered  HOPG  samples.  Raw  spectra  obtained  from 
HOPG,  which  was  lightly  polished  with  O.OS-iun  alumina,  are 
shown  in  Figure  8.  The  E^  band  at  1582  cm'*  is  the  only 
graphite  feature  visible  above  the  H]0  background  before  Ag 
deposition.  As  Ag  is  deposited,  the  D  and  E^  bands  become 
prominent,  and  tbe  D/^  intensity  ratio  increases.  The  trend 
is  more  clear  after  the  water  background  is  subtracted,  as  in 
Figure  9.  Tlie  D  band  is  not  apparent  before  Ag  deposition 
but  is  prominent  after  3.6  x  10^2.5  x  10*'*  mol/cm^  of  Ag 
has  bera  deposited.  On  the  basis  of  an  equivalent  monolayer 
coverage  of  ca  350  iiC/an*  (17, 22)  or  3.6  x  lO'*  mol/cm^  the 
SERS  effect  begitu  at  10  average  monolayers  and  is  most 
prominent  for  70  average  monolayers  of  Ag.  The  integrated 
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and  ECP  surfaces  due  to  selective  adsorption,  the  adsorption 
mechanism  for  the  two  surfaces  is  hmdamentaily  different. 

The  current  results  are  relevant  to  the  area  of  voltaminetric 
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Watttna  TiiM  (Mo> 

Wp—  6.  Oaoay  al  0  band  and  bAckpound  Rmim  lignBlt  w6h 
ImaallarAgdipaNtoiaMoampMid.  ENobadiraniilMdlnaalulian 
wbh  bwar  on  oonlbiuouNif.  Inaw  Ag  ooMragt  wm  0.24  lunol/em*. 


Oalay  ThM  in  SoMion  (moI 

mppoT.  Oaeny  of  Rmn  IniMNKif  «ah  flma  aflar  Ag  dapoaMon. 
ConMona  aama  aa  Hgwa  6.  but  Ar'^  laaar  «aa  tumad  off  bafwaon 
ipsdfiu 


WHMH  «Mfl  (ONI'*) 

Plpnat.  InakinamanapaobaofmrpoMiadHOPQbofataMd 
allar  Ag  dagoNfcn.  Seala  bitalaa  AOU/a  for  al  tour  apaolm. 
apaoMma.  0|aMMm*of  Ag;  b.  0.041  pinalfom*;c.  0.l2pmal/oni^ 
di  048  piml/om^. 

D/Ek  intanai^  iBcraaaaa  from  aaar  0  to  0.73  upon  Ag  da- 
poai^  Mot  only  iathaD/E^iatanaity  ratio  mudihi^r 
aftar  Ag  dapoaitioa.  but  than  ia  alao  a  ahoulder  <»  the 
lii|^i4oqQaiiby  aide  at  tha  E^  mode,  a  tetura  aaaodatad  with 
dalaiBinatioii  ci  tha  graphita  and  faicramad  dp,  apadng  (J3). 

Aa  noted  eariiar,  anhancad  Raman  acattaring  waa  not  ob- 
aaivad  following  Ag  depoahioo  on  daavad  HOPG,  apparaitiy 
bacauaa  tha  particla  aim  ia  unauitabla  for  SERS.  However, 


1200  1400  1400  laoo 


Raman  Shift  iom") 

FIgara  8.  Same  m  Figm  8  but  wMh  H|0  baekpound  aubbaciad. 


Raaian  Shift  (em") 

Ftpaa  10.  Raman  apacba  of  daavad  PQ  baaal  plana.  PQ  wai 
cfaavad  In  aoluOan,  and  boot  apaobw  ara  oonaciad  tar  H,0  back- 
pound.  Scale  tadteataa  AOU/a  tar  aacli  macbtan.  Spamnan  a  la 
batara  Ag  dapoaltan.  b  la  altar  0.41  pmol/cm*  of  Ag  waa  alaciroda- 
poabad. 


Rnmnn  aMft  (am") 

Flgwall.  Raman  apacba  of  ctaaMadP^wNtiataamacataatadoatad 
feiAOU/a.  Spaobian  a  la  otaawad  baaal  plana  batara  Agdapoabtan 
Spaobian  b  la  aama  awtaoa  aftar  ttaaa  80  MW/om*  NdiYAQ  pulaa 
waradalraradinab.  Spaobian  C  la  Owaurtaoa  of  oiavabtaiowlng 
dapoaltan  of  0.12  |imol/om*  of  Ag. 

T 

pyrolytic  graidiita  (PG)  ia  aimilar  to  HOPG  exeupt  it  ia  not  j 
aubjactad  to  tha  final  praaaun  aniwaling.  It  ia  1m  ordered 
than  HOPG,  with  amallar  microcrystallita  aisae,  but  retains 
tha  macroaoopie  and  mkroacopie  layered  structura.  ngura  j 
10  shows  Raman  spectra  of  tha  fradily  daavad  baaal  plant.  | 
of  PG  bsfore  and  aftar  Ag  deposition.  Unliks  tbs  data  of 
Figurm  8  and  9,  the  PG  surfrMe  waa  not  acratchsd  or  pre- 
treated  in  any  way-  Hie  D  band  is  unobservable  in  the  notmai 
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Raman  ipaetnim  but  innaaim  in  intanaity  upon  A(  dapoa- 
itkio.  F^ttia  11  ahoan  tha  affact  of  puiaad  NdiYAG  laaar 
inadiatiop  onthaPG  apactnim.  Laaar  tnatmontwitliautAc 
dapoaitioa  cauaaa  a  ali^t  ineraaaa  in  D  band  intanaity.  auf- 
fidmit  to  alavata  tha  b^  abova  ba^gfound.  PoQoaringAg 
dapoaition,  tha  D  band  ia  much  atrangar.  and  tha  apactnmi 
ia  aimilar  to  that  for  quita  diaordaiad  a^  carbon.  Aairith 
aarliar  azpwimanta,  Ag  dapoaition  giaa^  incraaaaa  tha  ah> 
aoluta  Raman  intanaitiaa. 

Aa  notad  in  tha  Introduction,  tha  aurfaca  aalacthnty  of 
Raman  acattaring  will  ba  dapandant  on  affactWa  aampling 
dqith.  Tha  normal  Raman  aampKiig  depth  may  bo  aatnnatad 
from  tha  optical  propartka  of  GC  and  HOPG.  uaing  a  mod- 
ifkation  of  tha  appramh  of  Wada  and  SoUa  (29)  and  Loudon 
(26.25).  Tha  obaarvad  Raman  aignal  at  a  particular  aampla 
dapth.  R(r).  will  ba  ralatad  to  tha  local  lam  intanaity  aa  it 
paiMtratao  tha  aolid,  ItM,  and  tha  attanuation  oi  Raman 
acattaring  intanaity  aa  it  laavoa  tha  aolid.  Tharafwa.  tha 
obaarvad  Raman  aampling  dapth  will  ba  aignifkantly  aataUar 
than  tha  laaar  paiMtration  dapth.  At  normal  incidanca, 

/l(*)  -  /o(l  -  r)a-<^/HJ  (1) 

«(*)  -  (2) 


Table  L  Cakuiatad  laflaotMly  aad  laama  Saamllag 
DapU 


Oi 

rallaetin^ 

zm'A 

Bay  Carbon  (b  ■  1.76,  h  •  0.70,*  At 

■  616 1 

0” 

a0888 

261 

30 

04)067 

281 

46 

ai483 

270 

60 

0J612 

200 

76 

0.6004 

252 

86 

a7924 

280 

86 

00646 

250 

HOPG  (II  - 

1.79,  k  •  1.62,*  X.  -  616  am) 

0 

OJ003 

136 

76 

0A820 

126 

‘PnmofSS.  *Sainpia  iaunanad  in  watar  (n  ■  1.33)  in  all  caa- 
aa.  ‘Sampla  dapth  yialdiiif  63%  of  maiiinum  Raman  signal. 
^Calculated  baaa  laf  23. 


aaaumod  to  ba  inunataed  in  watar  (n  *  1.33).  The  calculation 
naa  compand  to  ona  baaed  <»  tha  maan-aquara  electric  field 
pradietkwa  of  Porter  at  aL  (28)  to  calculate  /i,(z),  irith  identical 
raattha. 


whan  /o  ia  tha  incident  laaar  intanaity.  r  tha  aampla  depth, 
and  7  a  conatant  incorponting  tha  Runan  scattering  croaa 
aaction,  number  density,  etc.  hi  and  an  tha  abaorption 
coaffidants  of  the  carbon  at  the  Raman  and  laaar  photon 
wavalangtha,  Ag  and  Ai^  and  r  is  tha  raflaetivity.  After  ap¬ 
proximating  t^t  tha  scattered  and  laaar  wavalangth  an 
sttCBciently  dose  to  each  other  to  equate,  the  nomal  inddenoa 
Raman  siptal  at  a  particular  z  hmmea 

Riz)  -  /*(1  -  (3) 


Tha  total  ofaaerved  Raman  acattaring  is  proportional  to  the 
integral  of  eq  3  over  the  depth  variable  z.  We  will  arbitrarily 
define  the  aampling  depth,  z«»  as  tha  sample  thicknem  that 
will  ganenta  63%  (1  *■  e"*)  of  tha  Raman  signal  observed  for 
a  sample  of  infinite  thickneea.  Intagntion  of  (3)  leads  to 

5(z)  -  S^(l  -  (4) 


/pd  -  r)7Ai. 


(6) 


whan  S(z)  indicates  the  total  Raman  signal  for  a  aampla  of 
thicknem  z.  SettinaStrl/Si^  ■  1  -e'*  narmita detarminatinn 
of  Zpi  for  normal  inddanca; 


For  (jC  with  a  515-nm  laser  at  normal  inddence  (k|.  *  0.70) 
(26),  za  is  291  A,  whilo  for  tha  HOPG  basal  plane  (At  *  1.52 
at  516  nm)  (23),  zpp  ia  136  A.  Thua,  63%  of  the  total  Raman 
signal  for  GC  at  normal  inddance  ia  derived  from  tha  carbim 
within290Aoftiwsurlhoe(9).  Obvkwly  the  sampling  dapth 
varies  with  A|,  and  to  a  much  amaliw  dofree  on  the  Rai^ 
shift,  AM. 

For  tha  gomnatry  of  Figun  1,  with  «m-n<»mal  laser  ind- 
dance  and  naar-normal  ooUaetion  optics,  tha  aituatioa  is  more 
complex.  /|,(z)  wiU  vary  with  tha  inddrat  angle,  6|,  and  this 
dapmidanca  was  predicted  by  uting  daaaiGal  treatmmits  (27). 
/{.(z)  was  calculated  by  using  the  transmittanco  of  a  thin 
carbon  film  for  HfdA  pduiasd  paraOsI  to  tiw  dectrode  aurfiaoe. 
Tlw  “thick  film”  moM  (aq  27  in  ref  27)  was  used  to  avoid  any 
intarfaranoa  affects,  and  tha  film  thicknem  was  gradually 
increased  to  calculate  f|.m  a  ftmetioo  of  z.  Thoresultii«/i,(s) 
curve  was  substituted  into  aq  2  and  zpp  was  detarminad  by 
numarical  intagratioa  The  rawha  are  shown  in  Table  Laloi« 
with  the  calculated  reflectivity.  In  all  caaea,  the  electrode  wm 


DISCUSSION 

(Considering  tha  normal  Ranmn  experiment  first,  aaveral 
useful  obaenmtions  are  available  from  the  results.  The  ef¬ 
fective  — mpKiig  depth  Za  is  250-3(X)  A  for  GC,  and  is  weakly 
depmident  on  the  angle  of  inddence.  Ahhou^  surface  ee- 
ladivity  can  ba  impro^  somewhat  at  dandng  incidence  over 
normal  inddance,  the  aampling  depth  still  exceeds  200  A.  It 
should  ba  notad  that  zpp  daerMsea  with  decreasing  Aj,  and  is 
amallm  for  tha  mote  strongiy  absorbing  HOPG.  Thareflec- 

tivity  is  strong  A  Akd**  of 

coupling  aignificantty  lam  light  into  tha  aolid  sample  and 
reflacting  more.  At  tha  76*  angle  employed  in  the  current 
expariments,  50%  oi  the  laser  light  enters  the  GC  and  32% 
penatratm  HOPG.  Urn  polarization  paraM  to  the  dectrode 
surface  was  chosen  partly  because  ot  past  experience  with 
solution  acattaraa  (29)  but  principally  to  maintain  the  induced 
dipole  axia  perpendicular  to  the  axis  of  the  collection  optica. 
Thus,  tha  optical  gaonwizy  oorreqixmds  to  paraM  polarization 
in  tha  oonventional  Raman  terminology.  Based  on  reauhs  and 
theory  for  IR  reflaction/abawption  qwctroacopy  (28).  the 
normal  Raman  aampling  depth  and  sesaitivity  may  vary  with 
inddance  polarimtion,  but  these  effects  were  not  examined 
further  in  tha  preaent  case. 

Tha  normal  Raman  spectra  of  various  carbon  electrode 
matarials  have  bean  reported  previously  (9, 13)  and  are  rel¬ 
evant  here  only  m  initial  spectra  preceding  Ag  deposition.  ^ 
aipacted,  the  daaved  HOPG  and  PG  normal  Raman  spectra 
■h^  minimal  D  band  intensity  due  to  their  ordered  struc- 
turea,  wfaQa  for  GC  the  D  ba^  is  the  most  intense  band 
ofaaatvad.  As  noted  in  a  inevious  report,  poliahing  can  affact 
tha  D/E^  intanaity  raitto  for  GC,  indicating  that  polishing 
affbets  aevatal  humfaed  angriroms  of  substrate  naar  tte  surfiaoe 

(30). 

Tha  reautts  suivoct  several  useful  conduaums  about  the 
SERB  axperimant  folloaring  Ag  deposition.  First,  Ag  dapoa¬ 
ition  on  GC  raaulto  in  an  up  to  lOO-foM  enhancement  of  the 
carbon  Raman  signaL  Second,  althou^  the  enhancement  ia 
ahraya  large,  its  magnituda  is  only  soBiqiiantitatively  repro- 
dudbla  a^  strongly  dapandant  upon  dapoaitimi  time  and 
oonditioiiB.  Third,  ^  SER8  enhanesment  is  a  maximum  at 
an  average  Ag  coverage  of  0.21  mol/cm*  for  GC.  Tliis  value 
cotreaponds  to  about  10-70  aquival^moodayerB.  Fourth, 
the  Ag  (kpoait  oocum  m  400-4000-A  partidaa,  a^  the  density 
and  aim  dktribiriion  vary  significant  with  carbon  substrata 
type  and  Ag  deposition  time.  Fifth,  tha  SERS  enhancement 


ii  krg*  but  fracite.  with  dagmUtiai  oi  tha  affact  oeeuiriiif 
OB  a  aavaral  auauta  tioia  aoda  foUowiac  Ag  dapoaitioB. 

Ahhoi^  tha  quairtitativa  inapradudbility  and  iaatahjliiy 
of  tbaSBBSafliact  OB  carbon  alactiodaiaiapfohlamirtr.tha 
utility  of  tha  iBathod  in  datanniDad  by  a^uaioaa  about 
auiftM.a  lalaftiaity.  lBia»aiBloftfaacaoaaaaaminad.tha8BB8 
apoctrumdjAMaqttaUtativatyfrotBthaBonBalRiaMBapoe- 
tnun.  in  addition  to  bafan  toon  intaBoa.  For  poliahad  GC. 
tha  D/E^  iatami^  iBcraaaaa  with  Ac  dapoaitioB.  hnplyiBg 
giaatar  carbon  diaoidar  naar  tha  aurfaca.  For  both  claaaad 
ro  and  Kihthr  polichad  HOPG,  tha  D  band  iatanaity  hienaaad 
graatly  with  Ac  dapooitioa.  iSro  aiplanationa  for  thaaa  ob- 
aarvationa  ariaa,  b<^  of  which  provida  inaicht  into  tha  alae- 
trochoBucal  oonaaquoBoaa  of  carttoB  aurfhoe  atructuia.  Ffaat, 
tha  SEES  anhanoMnaBt  lancth  nay  ba  abort  aaough  (04^  < 
SO  A)  to  ba  non  auifiaoo  aaloctiwa  than  borbbI  Raana,  thua 
lavaaliacmoraaurfioadalBctaordaiBaca.  For  asanpla.  tha 
poliahad  aurfaca  of  tha  GC  ahould  ba  miora  diaottkrad  than 
tha  bulk  (Si),  and  tha  8BRS  apactnnn  ahould  ochifait  a  hichar 
D  band  iatanaity.  Similarly.  U^tly  poliahad  HOPG  will  ba 
moat  diaoidand  at  ita  aurfaca.  Hm  nccmal  Raman  ipactrum 
of  poliahad  HOPG  lawaak  no  D  band  intanaity  bacauaa  it 
aampim  >100  A  into  dm  material,  wharaaa  tha  SERS  apaetium 
favaala  tha  D  band  and  aaaoriatad  aurfaca  diaordar.  Aaaoond 
aaplanation  of  hichar  D  band  intmuity  ia  anhancad  alactro- 
dapoaitioB  at  aurfaca  dafbeta,  laadinc  to  Ac  partidaa  primarily 
atdofactaaitaa.  OBthobaai8afothwrodoxayBtaBa,alocCraB 
tranafar  to  Ag*  ahould  bo  Caatar  at  adga  plane  daf^  than 
at  tha  baaal  plaiw  (5, 13, 15),  and  thaaa  ^ecta  will  azhibit 
highar  D  baiid  intanaity.  SuA  an  affact  haa  baan  ptopoaad 
to  aephun  Cu  riactndaporitioB  OB  GC,  aa  ofaamvad  by  SEM 
(31).  lliiBfaypothaaiBiataiBothaauifMaaalectivityauBtiaBad 
aarlim  but  fbrtharriatm  that  AgdapoaMoB  and  aowanpanying 
Raman  ia  aalactiaa  for  dafact  aitaa,  particularly 
graphitic  adgaa.  TIm  ralativa  importanco  of  ganaral  aurfaca 
aalactivity  and  aalactiaa  dafmt  anhancamant  may  ba  carbon 
aubotrata  dapondant 

On  tha  baaia  oi  tha  tbaory Jto  tha  SERS  anhancamant 
factor,  a  rough  aatimata  of  tha  SERSaaBqdiBgdapthnmy  be 
made.  Tha  anhancamant  betor  (EF)  ia  a  maximam  at  tha 
Ag  particle  aurfaca,  with  ita  magnitude  atraq^  dependent 
on  perticla  ahape  awl  aim  (15, 20, 52).  For  Ag  aphoraa  and 
Xi  ■  515  nm,  tte  marimum  onlianBaniaBt  on  Ag  aurfaca 
dacraaam  ragiidiy  aa  the  radiua  incraaaoa  above  a  fnn  100  A. 
Of  greater  rolavanoa  to  tha  curmt  woA  ia  the  depandance 
of  ^  on  diatanca  away  fkom  the  Ag  particle  BurfBoo.  Hiaca 
ia  general  agnament  that  the  EF  ia  proportional  to  (a/d)**, 
where  a  ia  tha  Ag  aphara  radiua  and  d  ia  tha  diatanca  of  a 
acatterarfromthepartidacaaitar(15,2Q).  Sfawe  tim  number 
of  acattarara  at  a  particular  diatanca  fcom  a  pmrtidanifTamm 
arith  d*,  tha  overall  diatanca  dependanca  of  the  Raman 
acattaring  baooanaa  (a/d)**.  Thk  pradktion  haa  bean  oob- 
firmad  experimentally  for  polymer  fOma  depoaitad  on  Ag 
kianda  or  Ag  daporitad  on  rouih  fOma  (20). 

Tha  ootiriatioB  of  SERS  intanaity  with  tha  praaance  of 
amaU  particha  ohaarved  in  tha  SEkfa  of  Ag  dapoAad  OB  (X: 
and  HOPG  confbma  tha  fanpoctanoa  of  ca.  400-A  diamatar 
partidaa  for  intanaa  SERS.  Tha  4000-A  particlaa  obaarvad 
OB  HOPG  did  not  produoe  ohaacvabla  anhanoaanant,  and  tim 
Raman  intanaity  roughly  traAad  tha  population  of  ca.  400-A 
partidaa.  lliua,  it  appaara  that  tha  obaarvad  SERS  affact  ia 
derivad  pradnminataly  from  ca.  400-A  partidaa.  Foro^SOO 
A.  (a/d)>*  aquala  028  for  d  -  220  A  and  ail  for  d  -  250  A. 
Thua,  tha  Raman  intaaai^  haa  dacraaaad  by  62%  whan  tha 
acatterm  ia  20  A  from  tha  aurfaoa  of  a  400>A  diamatar  Ag 
partida,and8B%  atSOAaway.  Thaaa  pradktiona  are  cob< 
aiatant  arith  tha  35-60-A  anhancamant  iragtha  obaarvad  by 
Murrqr  and  AUara  for  anhaneament  of  a  polymeric  acattarar 


naar  rough  Ag  (20).  Hm  pradictiona  ahould  onl 
coBaidaaad  m  guidm  amca  tha  Ag  partidm  cover  a  rant  ' 
aiam  and  ,  but  a  SERS  aampling  depth  of  a  few  uu 
of  aa«ataoma  k  oowktaBt  with  both  theory  and  eipariaMD 
The  25-50>A  oahaneamaBt  langth  will  ba  Airthar  daerai 
by  tha  abaorptioB  of  anhanead  kaar  li^  and  acatt  : 
photoau  by  tha  carbon.  For  axanqiie,  tha  product  of  (a/ o) 
and  axp(-8**>/X)  from  aq  4  laada  to  a  aampling  dapth 

28Aftira-200A.d-220A.aBdk>  0.70  and  20  A 1 
-  L52.  Altiu««h  approxhnma  due  to  variatiana  in  Ag  par 
aka,  20  A  k  tha  beat  oatimata  of  the  SERS  aampling  dept 
and  k  r— with  the  oatimata  of  bhida  et  aL  (19)  f 
vapor^dapoaitad  Ag. 

Wa  have  alraady  aaan  the  aurfaca  and  (Meet  ariectivi' 
saOiSi  ont  I  Roman  (or  GC  and  polkhad  HOP* 
Figuraa  10  and  11  provide  e  Anther  exui^  of  partic*’’ 
ralavonoa  to  alactroAomicalaffBctB  of  eaaboB  aurfaca  atruc  ’ 
In  Figure  la  it  waa  dear  that  Ag  deporition  enhanced  tl 

d  acattaring  from  deovad  PG.  b  Figure  11,  the  norm 
Raman  apactrum  of  daavad  PG  afaowad  inaaaaad  D  inter  " 
folloaring  NdiYAG  irradiation.  The  apactrum  of  Figure 
moderate  diaordar,  with  a  nucrocryatallita  an,., 
ca  160  A  baaad  on  the  D/EL,  intanaity  ratio  (55).  Upon  / 
dapoaitioB,  however,  the  D/E^  ratio  k  much  higher  and 
apactrum indicatmBiudi greater diaoeder.  TbanormalRa 
k  pcohmg  at  leaat  100  A  into  the  aurfaoe,  and  it  a 
coBtributiaiu  from  both  the  laaerdamogod  aurfaoe  layer  oi 
undamaged  aubatrata.  Since  the  SERS  axparimont  k  t 
aurface  aalactiva.  the  SERS  apactrum  raflarta  primarily 
kaardamaiod  rogion  naar  tha  aurtace.  Apparently  tha  laa 
domaga  depth  k  1m  than  <^130  A  but  deoj^  than  the  ^2(X 
SERS  aant|diBg  depth.  Thaaa  reoulta  indicate  that  no:  1 
Raman  undacoatimatm  laoer-inducad  aurfaoe  damage  bet 
ofiiMifOdaaitaurboeadactivity.  A  examination  rflaaarai 
elactrochamically  induced  ourfrun  damage  on  HOPG  wiU ) 
praaentad  later. 

In  aununary,  SERS  following  eloctrodepooition  of  A„ 
carbon  aloctrodoe  inqnovm  aurfaca  adadivity  for  Row 
qwetroacopy  finm  a  few  hundred  to  a  few  tana  of  ongatr*"' 
Ahhoui^  tto  abaohite  SERS  intanaitke  vary  aignificaBtly 

and  time  after  depooitiim,  chongm  in  relativ.  . 
tanaity  and  oppaoranca  of  ^  apectrum  can  be  uaeful  f 
iliMiiiriin  aurfaca  atructural  featurea. 
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Surface  enhanced  Reman  fpectraecopy  (SERS)  WPP  uMd  to  examiBp  caiboo  elecbtode  ewfacM  foUowiiu 
electradepotttionof0.2Miiiol/cm*(tfiBatallicnlm.  AadMBOiiatntMlpraviouft]r.tlMraeuitioKce.40l)-A 
Ag  parti^  increaM  the  Ramen  acatUnag  inteneity  from  the  carbon  fubetnte  fay  30-100  timM,  or  larger 
for  special  cases.  In  the  current  rep^  the  tedi^ue  wan  uaad  to  diaraeterise  the  surficM  of  lam 
activated  and  electrochemically  pretreated  (ECP)  gtaaay  carfaca  (GC)  and  hi^ily<»dered  pyrolytic  graphite 
(HOPG).  The  spectra  were  more  surface  sdactive  than  Bonnal  Raman  and  mweclneeiy  correlated 

with  electrochemical  Maarvationa.  For  laaar-activated  HOPG.  the  SERB  npectra  revealed  damage  to  the 
graphite  lattice  at  lower  posrer  denaitiea,  and  the  djeordar  eihibitad  in  SERS  spectra  num  cloaely  tracked 
the  increase  in  electron  transfer  rate.  For  ECP  of  GC,  HOPG,  and  pjnoh^  graphite,  the  surface  film 
examined  with  SERS  was  in/>MtitigtiwK«hl*  for  the  three  aufaatntea.  Finally,  the  damage  resulting  from 
ECP  of  HOPG  is  conaistant  with  a  nudeation  and  growth  mechanism. 


IntrodoetioB 

As  noted  in  numerous  reporta  and  teviewa,^'^  the  surface 
history  at  carlxm  electrodes  has  a  large  effect  on  eleetro- 
chemical  behavior.  Of  particular  relevance  here  are  the 
effects  of  pretreatment  procedures  on  electron  transfer 
kinetica,  which  vary  by  several  orders  of  magnitude 
depending  on  surface  variablee.  It  has  been  demonstrated 
by  our  lab  and  others  that  fast  electron  transfer  (»  carbcm 
aurfacea  depends  on  both  carbon  microatructure  and 
cleanUneaa.*~"  In thecaaeoforderedgraphHebaaal plane, 
sudi  as  highly  <»dered  pyroljrtic  graphite  (HOPG),  the 
rates  of  elects  transfer  for  FefCNls*'^^  and  dopamine 
increase  greatly  edien  microstnictural  edge  plane  defects 
are  formed  by  laser  treatment  or  anodisation.*-’**  For 
diaordered  materials  such  as  glassy  carlxm,  the  defect 
densiW  is  sufficient  for  rapid  election  transfer,  but  the 
surface  must  be  cleaned  Iqr  careful  polishing,^  laser 
activation,*-”-’*  electrochemical  pretreatment,’*'’*  etc. 
When  the  oonditiona  of  high  defect  density  and  surface 
cleanlineas  are  met,  GC  electradwexhit^  electron  transfer 
rate  constants  (A*)  for  Fe(CN)t*'^*'  comparable  to  those 
of  Pt  or  Au.*-’ 

Raman  spectroscopy  has  proven  to  be  a  useful  probe  of 
changea  in  carbon  microatructure  caused  by  surface  pre* 
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treatment.  For  example,  the  preeence  of  the  136()-cm'’ 
“disoider  (D)”  band  corr^ted  with  large  heterogeneous 
electron  timisfer  rate  constant  (A*)  fw  HOPG,  and  bc^ 
rffacts  were  attributed  to  the  presence  of  edges  of  graphite 
microayttallites.^’  “IMsorder”  is  used  here  to  mean  any 
decrease  in  hmg  range  order  from  an  ideal  graphite  crystal 
dnd,  in  parfekular,  to  the  existence  at  microcrystallites  or 
gra^tic  edges.  Creation  of  disorder,  and  tterefore  the 
D  band,  by  either  laser  activation  or  electrochemical  pre- 
treatment  (ECP)  coinddee  with  lar^  inenaaes  in  A*.  Both 
Raman  spectroscopy^*  and  scanning  tunneling  micros¬ 
copy  (STM)’*  imply  that  ECP  proceeds  on  HOPG  by 
nucleating  at  defect  sites,  foUowed  by  growth  of  a  danuged 
region  during  oxidation.  The  resulting  increase  in  defect 
density  causes  the  increase  in  obaen^  A*  and  D  band 
intensity. 

Althou^  Raman  speclrosci^  has  been  valuable  for 
revealingstructural  dumgas  accompanying  ECP  arxl  laser 

treatment  of  HOPG,  an  important  issue  remains.  TIm 
sampling  depth  of  cimventional  Raman  spectroscopy  is 
ca.  13^  for  HOPG  and  290  A  for  GC.*-**  However,  the 
structure  of  oily  a  few  atomic  layers  (~10  A)  of  carbon 
should  determine  its  electrochemical  behavior.  Nmrmal 

Raman  provides  useftil  correlations  of  microitructure  and 
electrodiemical  effects,  but  its  utility  would  be  increased 
by  improving  its  surface  selectivity.  We  recently  repwted 
a  technique  based  on  surface  enfamiced  Ramim  spectros¬ 
copy  (SKIS)  for  improving  the  aurfsce  selectivity  of  Ra¬ 
man  qwetroacopy  for  carlm  surfacas.’'*  FoUowingelec- 
trodqpoaition  of  Ag  particles  on  the  carbon  electrode,  the 
carbon  Raman  scattering  was  enhanced  ca.  so  times  when 
theAgpattidediamaterwasca.400A.  Therahancement 
is  diM  to  short  range  interactions  between  the 

particlea  and  the  carlxm  or  to  elactimnagnetic  field 
enhanoanent.  The  latter  effect  daaeaaw  with  the  10th 
power  at  the  distance  from  the  Ag  particle,  which  is  a 
combination  of  a  r'’*  decrease  in  tte  field  effect  and  a  r* 
increase  in  the  number  of  scatterers.’^  An  estimate  of 
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Um  — »«pU  depth  beeed  on  field  enhancement  is  approx¬ 
imately  20  A.*''  Thua  for  eithv  chemical  ot  en- 

hmwummmmt  ma.«hatiMmMir  tha  impHii—rf  murtmem  Mlftiwrty 

■hoold  provide  stmetural  inforution  of  greater  direct 
relevance  to  electioehainical  behavior  than  normal  Ra¬ 
man  spectroscopy. 

We  report  hm  the  application  of  SERS  to  laaer  and 
electrochemically  i»etrertad  HOPG  and  GC  electrodes. 
The  ccmtroUiiv  olqecttve  of  tha  experiments  is  to  reveal 
Um  relationship  betiveen  carbon  surfaoe  structure  and  the 
electron  tramfer  rate  fw  Fe(CN)s*'/^. 

Ezporlaseatal  Section 

The  Raman  apectronMtw  and  SERS  pcoesdure  have  been 
described  previously.  In  aUcsesa,  the  avsrsgeAg  coverage  oas 
0.21  anwl/cni*  far  Mats  esperisssnts,  and  mectra  were  nhtsined 
within  lOsofdspoaitionirithaCCDiata^tiontimeQf  Ssin 
allcaaes.  Laser  power  at  the  sample  was  ^fpicall^  10  mW  on  a 
SOxOOOamapot 

a  ca.  5  am  diameter  facal  spot  was  used  to  acquiie  spMially 
raaolved  spectra. 

HOPG  was  ungraded  nuteiiel  from  Union  Cerbide  (Pame. 
ftin  and  Tree  frnahly  rlieTart  befnrs  lerh  nrpnrimint  ulth  aiflneiiin 
tape.  Tha  fresh  basal  plana  aurfaca  was  axpoaad  to  air  far  a  faw 
nunutas  before  inunaraion  in  alsettolyta.  For  all  HOPG  and  ro 
experimanta  daacribed  hare,  only  the  beaal  plmm  was  axaminsd. 
Laser  activatiaa  was  canisd  out  as  deseiibad  provioualy,^*^  in 
air  with  a  9-ns,  1064-nm  Nd:YAG  pulaa,  on  a  fraahly  danvad 
surface  inunadiataly  bofarn  call  aaaambly  and  in 

alactrolyta.  In  order  to  alartrorhamirallypietteet  carbon  aurfaeia 
gradually.  ECP  was  conductad  with  linear  cydic  sweeps  at  SO 
mV/a  stertiiig  at  -0.1  V  vs  Ag/AgCL  Unlaaa  noted  otherwiie 
ECP  wee  ooiidiicted  in  0.1  If  KNOa  Um  poeitive 

potentiel  was  ehhm  IM  or  1.96  V,  ao  noted  below,  and  cyclic 
cwaopa  were  rapaatad  in  tOBBa  ceaae.  After  tha  ECP  procaduta 
was  ocasplata.  etthar  tha  eleetroda  wae  eiamined  in  air  with 
Bornui  Raman  apactwacopy  (at  616  nm)  or  tha  alactrolyta  was 
rapinead  with  1  asM  Agl^  in  ai  If  NaCK)*.  Ag  was  alactnda- 
poaitad,  and  SERS  apactre  ware  acquirad.  Each  E(7  and  SERS 
preoaduie  was  hutiatad  with  a  fraaUy  dsaved  HOPG  surface;  no 
attampta  to  ftnthar  BBodify  tha  aurfaea  after  Ag  dapoaitian  ware 
made.  GC  was  poUsliBd  conventionally  with  0.06-am  ahnn^ 
bafota  ECP,  and  PG  was  dsaved  bdbsa  aiqr  sufasaquBat  piooa- 
duras. 

Hetarogenaous  alsctroo  tranafar  rats  oonatanta  (A*)  far 
wma  datarminad  fram  cydic  valtammatiy  m  1  If 

TTH  HTthTri  Trf fTirhTrliTTii  ssnimina  ii  ~  ft  fi  siiil  r_  ~  T  fl 
xKyVcmVs. 


Raman  Sliift  (om") 

Ilgnia  1.  Normal  Ranua  rpactra  far  HOPG  obtainad  in  air 
folliBwinglaaaractivatioa(9na,1064nm),alaoiaair.  Numbers 
iadkau  aetivatiaii  laaar  power  density. 


Raman  SKiR  (cm") 

FlgnfwS.  Surface  an  ha  need  rpactra  of  laaar  activatad  HOPG 
obtained  in  aolntion  feUowiag  alactrodapoiitioo  of  0.21  nmol/ 
cm*Ag.  Suifaoaapra|MiadaaiaF1guro2bdbtaimiDSiBioninAg 
dapoaitiaa  sohitiaii.  Solvant  badvound  was  aubtiactad  from 
Rmaaa  spectra. 


Raatdto  nad  Discnaalan 

Figure  1  ahofma  nonnal  Rammi  apactn  of  HOPG  bmal 
pIniM  aurfMaa  Imdiatad  in  air  at  varhNiB  poamr  danaftias. 
At  40  and  60  MW/ca^,  a  laodart  1360<m*>  band  is 
ubMrvad,whibthaapaetmfiolloiring60MW/cni*(»higfaar 
activation  indicate  significant  dtaoedar  of  the  graphite 
lattica.  Aa  diicuBBad  in  detail  ehaarlMta,  the  D  band 
intsnaity  for  graphitic  matariala  oorralataa  arith  tha 
pcaaanca  of  adfia  of  graphitic  domaina.**  figure  2  ahosra 
spectra  of  HOPG  foDowing  laam  irradiation  in  air 
than  aiactrodspoaithm  of  0.21  mnol/cm*  Ag.  Raman 
aeattariag  from  HfOhaa  bean  mathsmaticaUyaubtnetad. 
Tha  1360-em~>  iiftaiiaity  ia  higher  for  tha  SERS  spectra 
following  40  and  50  MW/cm*  activation,  with  aavata 


(lWlteiaviawB.am<a)ChaaB.R.K.;Pbrtak.T.B.aiifaes&iAsnced 
NswY^Uat  (b)llaahavfta,M.AMf. 
(c)ChaBB,RiK4Uafaa.B.UaiCOi(.«t0. 
Setfd  State  Jfatar.  Sei  IMf.  I A  L 
(MlPwa,  H;  Mribamr.  Rkbart  L4  Eaptnai,  R  itMl  Cham.  IMt, 

90t  1735a 

Cham.  I(W»,  66.2746. 

S!  J* 

(1»  Wang,  Y.;  tbrnsyir.  O.;  Ifaaaary,  R  L  Chtm.  itmur.  INt,  A 
057. 


diaordaroboarvadatSOMW/cai*.  Figure  3  oomparaa  the 
intagratad  D/Em  (1300/1682  cm'*)  intanaity  ra^  for  the  | 
normalMidSERSapactiaforvmiouepowardanaitiaa  Note  | 
the  D  bniul  in  tha  SERS  apactra  ia  mote  intasisa  far  the 
40  and  50  MW/cm*  suiiiii^  implying  that  the  SERS  . 


jxmmttytif  vw*** 


technique  ia  more  Mnaitive  to  laaor*induced  turfece 
damage.  Stated  diffefently,  the  SERS  probe  m  men 
aenaitivo  to  leeer-inducad  lattke  damage  bacauae  of  ita 
greater  nuiCaoe  aeleetivity. 

The  deetroD  traaafer  rate  conatant  for  Fe<CN)t*''**  waa 
alaodeteraiuiadfolhwiinglaaer  irradiation,  with  the  raauba 
plotted  on  a  log  acale  in  Figure  3.  Aa  reported  previoualy, 
tito  obauvad  b*  incraaaaa  aharidy  following  40-40  MW/ 
cm>laaerpulaea.“  Since  b*r«flecta  an  interfadalproeoa^ 
one  would  predict  that  diaordar  in  the  firat  few  atmnic 
layera  of  HOPG  would  be  aufSdent  to  increaae  the  rate. 
In  Figure  3,  the  iqrpearanoe  of  diatttder  in  the  SERS 
apectrum  coincidaa  with  the  increaae  in  k*.  The  greater 
aurface  aelectivity  (ca.  20  A)*''  of  SERS  providaa  ipectra 
of  greater  relevaiice  to  dectroo  tranafer  kinetka  than 
nonnal  Raman,  eAichhaa  a  aampling  depth  of  >  100  A.**^ 
Thua  the  laaer  damage  aa  aaaeaaed  by  nonnd  Raman  lap 
the  increaae  in  b*. 

The  reaulta  ahown  in  Figure  1-3  are  conaiateot  with 
previoua  condudona  on  the  effeeta  of  pubed  laaera  <» 
tIm  thermomechanicd  ahock  or  loed 
melting  cauaed  by  the  laaer  createa  defecta  in  the  bead 
plane  i^ch  are  active  to  dectna  tranafer.  Stdnbedcet 
aL  conaidered  locd  mdting  in  aome  detail  and  oooeludad 
that  higher  laaer  powera  1^  to  greater  melt  deptha.**  It 
ia  dear  from  Figure2that60MW/cin*pulaeacauaedainap 
to  a  depth  greater  than  the  normd  Raman  aampling  <^>th 
of  ca.  lOOX  Similarly,  the  damap  from  a  SO  MW/em* 
treatmenteatanda  at  heat  20A(the  SERS  aampHng  depth) 
but  lem  than  100  A  into  the  HOPG.  Due  to  diffareneea 
in  laaw  parametera,  a  direct  compariaon  of  the  work  at 
Steinbeck  et  aL  with  the  current  reaulta  ia  not  poadbla, 
except  to  note  that  locd  mdting  ia  a  diatinct  poaaibOity 
for  the  damap  mechaniam  leading  to  Figurea  1  and  2. 
Regardlem  of  mechankm,  the  main  pointa  rmnain:  that 
the  SERS  apactra  oottelate  man  doi^  with  b*  and  that 
higher  laaer  powera  damap  the  lattice  more  deeply. 

ECP  jaconaiderably  more  conqilax  than  laaer  activation, 
ainoa  a  variety  of  chonicd  procaaaaa  aooompaiqr  twaakup 
of  tba  graphitic  lattioa.  Attbougb  than  ia  genanl  agree¬ 
ment  ^t  ECP  leoda  to  aurface  oxidoa  and  eventually  an 
electrogenented  gmphitic  oxide  (EGO)  film,*****^  the 
nature  of  tba  film  ia  not  yet  dear.  Figure  4  ahowanovmd 
Raman  apectn  of  HOTO,  PG,  and  GC  fdlowing  ECP. 
HOPG  aurfacee  were  auhjected  to  eight  oxidation/ 
reduction  eyclea  (ORC)  firom  -0.1  to  4-1.94  V  va  Ag/AgCl 
in  0.1  M  IWO|  and  GC  and  PG  from  -0.1  to  ■t-1.85  V. 
Although  all  three  materiab  exhibit  diander  foOowing 
ECP,  ^  nonnd  Raman  apectn  vary  with  the  carbon 
aubatnte  materiaL  At  firat  ^aime,  one  might  eondude 
that  the  EGO  film  diffen  frcm  dm  three  carbra  nmteriala. 
Alternatively,  tkw  nonnd  Raman  aampling  depth  (>100 
A)  may  atill  be  probing  the  unaffected  aubatnte  and 
diluting  the  c(mtributi<m  the  EGO  layer  to  tha  Raman 
apectrum. 

The  aituation  ia  clarified  by  the  SERS  apectn.  ahown 
inFigunS.  Aa  expected,  all  the  SERS  apectn  an  mudi 
atronger  than  the  nonnd  Raman  apectra.  In  addition, 
tba  D  aid  E^  baida  for  all  three  carixm  matmiala  an 
eaamtially  denticaL  implying  that  the  EGO  film  k  aimilar 
forthethmmateri^  Itianotaurpriaingthatextenaive 
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Raman  Shift  (cm") 

Figue  4.  Noraid  Raaun  ipectni  of  HOPG.  PG,  and  GC 
in  air  fdlowing  wgiit  oxidation  raduetion  cydaa  in  0.1 
MHd04.  Varticdacalaaiefar  to  A/D  unita  from  the  C(n>.  with 
ea.  16  photodactroaa/ADU. 


Raman  Shift  (cm'') 

Hgue  6.  SERS  apectn  of  aurfaoaa  prepared  aa  in  Figure  4, 
foUowiiig  dapoaition  of  0.21  fund/cm*  Ag. 

oxidation  leads  to  aiinilar  film  for  difCnent  carbmie,  but 
Figun  5  provdas  direct  evidence.  Cleeriy  the  SERS 
experiment  ie  providing  higher  aelectivity  for  the  film  va 
tha  nifaatnta  than  nocmd  Raman.  Since  the  aampling 
depth  for  SERS  ia  ca.  20  A  rather  than  >  100  A,  the  atufeee 
fDmabouidcontributamomtothaspeetrum.  Inaddition, 
Af  may  nudaata  and  dapoait  mon  axtanaivdy  in  the  film, 
thua  fwoviding  graatar  enhancement  in  the  film  rather 
thantbacarb^  Iha  fact  that  an  ECH)  film  |»tducad  on 
(X2  yialda  oonaiotanttynioie  intanaa  SERS  may  imply  that 
the  film  ia  thicker  or  that  it  promotea  Ag  particle 
nodaathm. 

ECP  et  HOPG  waa  n»n«»iiwmi  in  greater  detail  to 
aaeaitain  the  nature  of  atructurd  damage  plua  relation- 
ahipabatwaau  Raman  aid  alactrodimnicd  effeeta.  Fiaahly 
daavad  HOPG  waa  than  aubjaetad  to  linear  oxidation/ 
reduction  acana  batwaan -Oil  aid -41.96  V  va  Ag/AgCl  at 
60mV/ain0.lMKNOt.  For  nmnid  Raman  apactra,  the 
HOPG  aampla  waa  tamoved  from  tha  KNOiidution  aid 
were  obtained  in  air.  SERS  tyaetra  were  obtaiiwd 
after  tranafer  to  0.1  M  NaClO^O.5  mM  AgNOs  aid 
dapoaition  of  0.21  itmol/cm*  of  at  a  controlM  current 

of20MA.  Both  normd  aid  SERS  apectra  were  acquired 
after  varying  numbara  of  oxidation  reduction  cydaa(OR(^, 
but  each  E(}P  and  Raman  axpwiment  ataitad  with  a  freah 
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Finn  6.  Nonaal  Roman  apactn  obtainad  in  air  for  HOPG 
fwowing  varying  numbara  of  ORCa  in  0.1  M  KNOi.  -0.1  to 
■••1.95  V  va  Ag/AgCl 

HOPGaurfnce.  TreatmentofHOPGwithsuccea^eydic 
acana  ia  aimilar  to  tfa«  protocol  uoad  by  Bnrd  6t  aL.^  for 
GC  ami  HOPG,  and  ia  morn  gradual  than  the  ECP 
procedure  originated  by  Engstnnn  et  aL** 

The  normal  Raman  apectra  ahown  in  Figure  6  reveal 
aeveralmicrootruetural^ectaeauaadbyECP.  OneORC 
to  1.96  V  ia  auffident  to  create  a  1360-m~*  band,  which 
increaaea  gradually  with  further  oxidation  cyclea.  Hie 
effecta  on  ^  E%  are  mon  complex,  with  a  1620-cm*' 

band  appearing  initially  and  then  merging  w^  the 
1582-cm'‘  band  aa  the  latter  ahifta  upward  in  da.  Hie 
1620-cm*^  band  haa  been  attributed  to  ’‘boundary  layer' 
graphite  which  occun  in  intercalatumcompounda  or  whmi 
the  graphite  ia  delaminated.*^  The  upward  ahift  in  the 
l6S2-cm''^  band  occura  when  the  g^hite  lattice  ie 
damaged,  apedfically  aa  the  in-plane  microcrystallite  aiie 
(LJiadecreaaed.**  "^ua  the  piQgreeaion  of Rmnan  spectra 
with  repeated  0RCindicata8increeaingdia(»der,wiUi  the 
g^phite  layers  separating  and  fragmenting  during  ECP. 
Note  also  ^t  the  eight  cycle  spectrum  of  Figure  6  cor- 
rsqionda  to  the  HOPG  spectrum  of  Figure  4  and  that 
subaequnt  ORCs  cause  tte  vdley  betwau  the  D  and 
bands  to  begin  to  fill  in. 

SERS  spectra  acquired  after  the  same  ECP  procedure 
are  ahown  in  Figure  7.  Although  the  qiectra  are  qu^- 
tativdy  similar  to  normal  Raman,  the  D  band  intanaity 
davriopemoiequidJy  and  the  SBIS  plectra  UMhcate  mare 
dieatder.  Note  that  the  appearance  of  the  qieetrum 
changee  negligibly  after  the  eight  ORC  cycle,  implying 
that  the  B(K>  film  chugsa  little  once  the  severe  disoriler 
exhibited  in  Figum  5  is  reached.  The  rseuits  im|dy  that 
right  ORC  cydas  are  sufficient  to  negate  the  ^ects  of  the 
original  carbon  microstructure  on  the  EGO  film.  The 
D/Eri  integrated  intensity  ratio  is  plotted  aa  a  ftmetion 
of  ORC  in  figure  8.  The  SERS  ratio  exhibits  greater 
diaorder  erith  a  amallet  number  of  ORCs,  due  to  inoeeaed 
surface  selectivity. 

The  vottammetry  of  FefCN)#*'^*'  in  1  M  KG  was 
eiamined  following  the  same  ECP  |»ocedure  used  for 
Figures  6-8.  Figure  9  shows  voltanimograms  obtaiiied 
aftm  the  first  through  fourth  ORC  cydee.  Following  the 
second  end  third  cydes,  and  posril^  the  first,  two  vd- 
tammetric  coiqiles  are  obaarved,  one  exhibiting  a  hi^  A* 
and  one  low.  After  four  cycles  the  high  A*  cou^  is 


Raman  Shift  (em") 

FlgeieT.  8eaBessFigiiie6,aicsptSBRSmectrswereobtfra 
in  solutioii  afisr  Ag  dyiticii  (0.21  amol/cm*).  Solvent  bad 
pound  was  subtiadaa. 
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FlgeieS.  IntapatadD/Efc  ratios  fornonnri  and  SERS  spectra 
of  Figures  6  and  7,  log  (A*)  for  FefCN),*''*-  is  alao  sbown  f 
•uifaoas  proparod  identically,  but  without  Ag  deposition. 
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nguel.  Vottammetry  of  Fo(CN)^/«- on  HOPG  basal  da  j 
frilowingooetoliourORC*s.  BCPwaaconductodin0.lMKNw| 
(as  fovFIgufas  6-8),  then  the  eiectnlyte  was  replaced  wHb 
in  1  M  KCL  , 

dmninant.  Hiis  behavuw  ia  similar,  although  mme  p)  [ 
nounced,  than  that  observed  fw  potmtiostatic  ECP  in  0.  i 
MKNOi.*^  Two  oouplee  for  a  sim|de,le~  redox  system 
indicate  spatial  heterogeneity  on  a  scale  greater  th  l 
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Rwmn  Shift  (em'*) 

Sk  IUbmui  mictaiiiobe  (ipot  lin  mb)  ob  HOPG 
BCP.thiMORCt.  PwiIm— 
and  B. 

(Dt)'i*,  such  that  tha  difihsion  fialds  to  high  activity  and 
low  activity  ragions  an  aasantially  dacouplad.* 

The  h*  ^tennined  from  the  nuyor  couple  of  voltam- 
mograms  following  ECP  is  shown  in  Figine  8.  Whenonly 
the  nugor  peak  is  otmsidend,  the  k*  igipean  to  1^  tte 
incnases  in  D  band  intansity,  with  siip^cant  D  band 
intensity  sppearing  bdion  k*  activation.  Hiis  nsuh  is 
inomaistant  with  the  laser  activatkm  experiments,  vdhan 
k*  and  the  SERS  derived  D/E^  intensity  ratio  traekad 
each  other. 

An  explanatkm  for  this  apparent  inconsistency  is 
revealed  by  Figun  10  and  has  been  noted  previously  for 
a  diffennt  ECP  protocoL*  Figun  10  shows  Raman  mi¬ 
croprobe  results  for  two  different  spots  on  an  ECP  surfiMe 
following  three  oxidation/reductkm  cycles.  The  damage 
is  quite  heterogeneous  on  the  HOPG  surface  becaose  it 
originateswithanudeatkmandgrowthmechaniBm.  Since 
the  SERS  experiment  enhances  the  Raman  scattering  from 
damaged  regions,  a  hi|d>  SERS  D  baixl  intensity  can  be 
obser^  even  though  the  extant  of  damige  may  be  small 
on  average.  In  otbw  words,  a  small  amount  of  lattice 
damage  can  result  in  a  significant  0/Ek  intesaity  ratio  in 
the  SERS  eqierimant.  Since  the  usual  spot  sum  fw  the 
SERS  spectra  (50  x  200  am)  is  large  on  tlw  scale  of  the 
surface  heterogerMHy.spectraobtmtMdwithacopveptiooal 
spectrometer  do  not  exhibit  spatial  heterogmiaity. 

For  the  cyclic  voltammetric  detarmiiMtion  k*,  bow^ 
ever,  the  relevant  distance  scale  is  not  the  laser 

spotsixe.  IfthehetarogenmtyislargeonascaleirfiDt)^^. 
tlw  damaged  and  undisturbed  ba^  plarw  sur&M  will 
behave  independently,  with  minimaldifiusional  crosstalk. 
If  both  regions  cover  a  significant  fcactioarf  the  surface, 
two  seta  voltammetric  waves  will  be  observed,  oiw  tor 
a  high  k*  and  one  for  a  lower  k*.  If  the  average  coverage 
of  damaged  region  on  the  surface  is  very  low,  the  high  k* 
couple  wffl  be  buried  in  tha  background  current.  Thasmall, 
more  reversible  couple  in  Figure  9  is  cooaistant  with  tlMse 
conduskma.  It  is  due  to  electron  trvasfu  at  active, 
dainaged  regions,  but  the  average  surface  covmige  of  thase 
regions  is  small  until  four  or  more  cydas  have  occurred. 
The  damaged  rsgiona  are  responsible  for  tiw  large  k*  couple 
and  the  high  D/E^  ratio  observed  in  Figure  IQA  and  the 
SERS  spectra. 

Raturning  to  Figure  8,  the  basal  plarw  surface  before 
any  ECP  has  a  few  defects  (roughly  otw  evmy  am*),  the 
D/E^  ratio  is  near  sero,  and  k*  is  very  low  (ca.  10^  cm/s). 
After  orw  ORC,  a  few  ^  tha  initial  defects  haw  become 


Raman  Shift  (cm''l 

nguiell.  SERS  apectn during  AgdapositioDtmpolialMdGC 
fo)lawmgECPiB0.1  MH^4-  Aniountof  Ag  dapositedirasas 
foUow:  a,  0  aBol/em*;  b,  0.M  iiouA/em*;  c,  0.12  mboI/cbI;  d, 
0.25  mboI/cb*. 

sitea  for  oxidation  and  the  start  of  E(jO  formation,  with 
accompanying  lattice  damage.  These  sites  are  apparently 
much  mote  thim  apart,  but  there  still  are  many  in 

the  50  am  X  200  am  Ranum  sampling  area.  The  normal 
Raman  and  to  a  greater  extent  the  SERS  qwctra  exhibit 
a  finite  D/E^  ratio  due  to  symmetry  breakdown  iwar 
ddects.  llw  average  defect  density  is  too  low  to  haw  an 
obaarvaUa  effect  on  the  nugor  cyclic  voltanuiwtric  peaks 
bacauae  the  swfsce  is  still  predmninataly  basal  plam.  As 
E(ypwgfesses,m<»edaini^  sites  are  crwrted  and  existing 
ones  grow,  thus  increasing  the  D/Eu  ratio.  Simulta- 
neoudy,  the  hq^  k*  voltammetric  peak  increases  in  size 
with  finther  ORC.  As  the  density  of  oxidation  sites 
increaaes,  the  dwtance  between  tiwm  decreases  below 
(Dt)*^*,  and  for  the  mqjor  voltammetric  couple 
decreases.  The  data  do  not  permit  quantitatiw  conclu¬ 
sions  about  defect  size  and  spacing,  except  to  say  that 
(Dt)*^  is  about  8  am  at  the  scan  rate  used  (10  V/s)  and 
the  defect  spacing  must  progress  from  values  much  larger 
than  (I)t)^/*tomiid>gindler  during  the  first  throughfourth 
cydaa. 

A  final  example  of  the  SERS  technique  for  examining 
ECP  is  shown  in  Figures  11-13.  Figure  11  shows  the 
progression  of  SERS  spectra  during  Ag  depositimi  on  a 
GC  electrode  following  ECP  in  0.1  M  HtS04.  Spectrum 
d  is  similar  to  Figure  5  and  shows  the  familiar  disordered 
spectrum.  Figure  12  is  the  same  experiment,  except  the 
TCP  was  conducted  in  1  M  KOH.  The  spectra  of  base- 
treated  (jC  are  much  weaker  but  better  ddined  than  the 
addspectra.  SpectrafoUowingacklECPwereconsistentiy 
at  le^  an  orto  of  magnitude  stronger  than  the  base 
spectra  and  alw^  had  greater  line  width.  Someinsight 
into  the  difference  is  provided  by  the  SEM  of  Figun  13. 
The  Ag  partidae  formed  <m  the  base-treated  (X:  an  similar 
to  thoas  on  GC,*^  with  moat  having  diameten 

~400A.  l^wnAgdep^tionwM  carried  out  after  ECP 
in  addic  or  neutral  sdutions,  however,  complex  fractal 
structures  wan  obawved,  indicating  quite  diffnentgrowth 
dynamics. 

Sevual  reports  in  the  litaratun  note  that  dopamine 
adsmiltion  is  mudi  lowmiriwn  ECP  is  conducted  in  base 
or  ifanadd-treated  surface  is  washed  with  base.**  Anjo 
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etoL,  conclude  that  DA  (a  cation)  ia  ahaorbed  by  the  EKSO 
film  and  that  the  film  is  largely  removed  Iqr  bm.*  The 
SERS  results  support  this  hypothesis  and  are  consistMit 
with  a  process  whm  the  GC  is  osdised  in  bMe  but  does 
notformastaUefilm.  Thus  the  flRRfi  from  a  haso  treatod 
GC  electrode  ia  similar  to  that  of  a  polished  surface. 
However,  the  stable  EGO  film  formed  in  acid  can  ion 

Mfhangw  fith  Ag*,  thus  tho  Ag*  iit 

film.  Upon  reduction,  the  Ag  forms  the  complex  partklaa 
in  Figure  13,  which  apparently  promote  stror^  SE^ 
because  of  tl^  dendritic  shape,  lliua  the  diffetwaoe 
between  the  add-  and  baae>treated  GC  surface  is  the 
stabili^  of  the  EGO  film. 

Taken  asawbcde,  the  SERS  and  electrochemical  leeiilts 
for  BCP  sorfsoas  provide  aeveral  useful  insighta.  First, 
ECP  of  any  of  the  carbon  materials  examined  (HOPG, 
PG,  and  GC)  leads  to  EGO  films  which  are  indisdqpiidi- 
ablebySERS.  Second,  the  Raman  spectra  of  the  films 
still  e^bit  the  usual  D  and  E^  bands  observed  for  all  sp* 
carbon  lattice,  but  the  bands  are  s^nifiosntly  broader  thm 

M.  AnaLChtm.  ISSS. «/.  3801 


IlgaieM.  amefOCfaliowiBgAgdepnsiHen<ftl«iisscl/ca»») 
altar  ECP  (sight  OBCt  frees  -d.1  to  *IM  V)  in  1  M  H^4. 
usnaL  Apparently  the  film  contains  graphite  fragmmtf 
with  small  f^perfaaps  formed  durmg  oxidative  disruption 
of  the  carbon  surfia^  This  conclusion  was  also  reached 
following  EGO  film  characterisation.^  Third,  treatment 
with  base  removas  the  EGO  film  formed  <mGC,  with  return 
of  the  usual  GC  Raman  bands.  Fourth,  ECP  of  HOPG 
proceeds  by  nndaation  and  growth,  with  the  oxidation 
causing  loroHssd  dam^  to  the  graphite  lattice.  The 
danutad  regions  ate  initially  widely  spaced  compared  tc 
(Dt)^i*,and  the  spatial  heteroganeity  is  revealed  with  boti 
voltammstry  mid  the  Raman  mkroprobe.  lliedamaged 
sites  have  a  hi^D/E^  ratio  and  lar^k*  for  Fe(CN)t*'/*'  . 
As  oxidation  laoceeds,  the  damage  regions  grow  faythei 
and  the  spatial  hetercgmieily  vanishes.  Fifth,  ox^tivt 
damage  to  the  graphite  idanea  is  accompanied  by  delam¬ 
ination,  and  pond^  intercalation. 

Aefcaovrlsdgmsnt.  This  work  was  suppmtedprimaril} 
by  the  Ana^ftical  and  Surface  Chemistry  Division  of  The 
National  ScjneceFoomdation.  Laser  activation  techniquer 
were  dsvalopsd  under  a  grant  from  the  Air  Force  Offia 
of  Sdsntillc  Raasarch. 

gsglstiT  No.  C,  7440A4r0i  Ag,  7440-22-4;  KNO.,  T75M9« 
K(3,7447-40-7;graphite, 7782-42-5;  forricyanide,  13408-62-3;  fer 
rocyiuude,  1340840-4. 


OM  of  the  copyright  owner. 


Boprintad  froM  Aanlytienl  Chowitry,  19M.  M. 

444  Copyright  ®  IMS  by  the  Aaeriena  Chotimi  Society  and  reprinted  by  perai 

Adsorption  of  Catechols  on  Fractured  Glassy  Carbon  Electrode 
Surfaces 
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Tlw  iMdig  n^ort  an  adMipNon  maoliaidMi  an  haeh— d 
oan^Ni  wison  ■  im  wpwotKm  eno  praoM^f  Wr 

pdcaHana  af  Mili  fbidbis  to  toa  analyltoai  aMIhr  at  eaitoan 


INTRODUCTION 

Pratraatmait  of  gtaiiy  carbon  (GC)  mrtooaa  ia  a  aacaaaary 
{mctka  for  producing  elactrodaa  with  rapndudbla  charac- 
tarirtica.  Aldiou^  pratroatmant  providoa  bnprovad  alactron 
tranafar  capabilitiaa  or  aalactivity  for  cartain  aampia  ctxnpo- 
nanta,  it  can  alao  modify  tha  alactroda  auriaca  in  naaontiallr 
unknown  waya.  Elactroda  activity  ia  affactad  by  factoia  auch 
aa  chami-  and  phyaiaorbad  apaciaa,  microaoopic  aurfaca  araa, 
poliahing  dafark,  and  activa  aitaa  auch  aa  giapUtic  adga  plana 
oconygaD-rnntainingfimctinnnlgiqupa.  Tliachangaaintbaaa 
variaUaa  with  pratraatnwit  akmg  with  tha  aaamrtmant  o{ 
pcatraatmant  inocaduraa  utiliaad  maka  it  di£Bcult  to  dafina 
thaalactwdaamfacaatructurafocagivanaqwtiniant  Rtha 
foaliaabettarundaaatandingofthaialathaiahipbatwaantha 
GC  aurfaoB  atruetum  and  ita  alactrochamicai  macthrify,  it  ia 
mpoatant  to  npndaoa  and  chaiBclariM  tha  aurfiaoa  atnictuia 
aa  mudi  aa  poaaibia. 

Protnatmant  pnoaduna  gananUy  invotva  poliahing  undar 
a  variafy  of  oonUtioiia,  in  BBoiy  caaaa  foOowad  by  aetivation 
by  boat  traatmant  under  vacuum  or  inert  atmoapbera.  Inner 
irradiation,  or  alactrochamicai  pratraataaant  procaduraa 
(BCP).*  By  compariaon  poliahad  aurfaoaa  with  activated 
auiteeaa,aavaaaliaquiramanta  far  rapid  alactroo  tranafar  have 
baan  propoaad.  A  ctmcam  about  thia  approach,  howovar,  ia 
that  tha  poliahad  aurfaca  which  aarvaa  aa  a  atarting  point  ia 
not  waU-dafinad.  Poliahad  aurfaoaa  are  duractariaad  by 
poliahing  dtinia,  looaa  carbon  partidaa,  and  varioua  levala  of 
m^anitim  and  aurfaca  OKidan.^  Activation  by  haat  traatmant 
and  laaar  ablation  of  poliahad  GC  aurfaoaa  ia  beliavad  to  occur 
through  a  daatnng  machaniam  whidi  aipoaaa  or  craatea  active 
aitea  on  the  bulk  carbim.^"  Activation  fay  alactrochamicai 

*  Author  to  whom  coiraapaadenee  ihould  bo  addrowoj. 


pratraatmMt  alao  deana  tha  aurfaca,  but  with  oiidatum  of 
tha  carbon  to  an  eztmit  dapunding  on  tha  atrmigth  of  the 
alartTOchamkal  traatmant^'*  Punctional  groupa  gmierated 
at  tha  carbon  aurfaca  during  ECP  may  promote  alactnm 
tranafar  by  participating  in  a  proton-aichanga  machaniam, 
canaing  alnctroatatic  intaractiom  with  redos  centara,  acting 
aa  catalytic  aitea  far  adaorption  or  electron  tranafar,  or  de- 
nraaaing  tha  hydrophobicity  of  the  carbon  aurfaca.  Tha 
moat  inonouncad  effecta  of  ECP  aeem  to  be  on  complex, 
multitoap  radox  ayatama  which  involve  proton  tranafar  or 
adaorption  eflbcta. 

The  objective  of  tha  raaaarch  diacuaaed  hare  ia  to  clarify 
tha  effacta  of  activation  procaduraa  and  to  define  better  the 
eharactariatim  of  an  actirc  carbon  aurfaca.  For  thia  purpoae, 
the  practice  of  fracturing  a  glaaay  carbon  rod  in  aotuticm  hm 
beenadoptod.  In  tine  prooedura,  the  aurfaca  utilimd  haa  had 
no  expoauio  to  poliahing  alwaaivaa  and  limited  expoaure  to 
anvironmantel  factora  auch  aa  o^gan  or  impuritiaa.  Bacauae 
of  ita  relatively  abort  hiatory,  thia  aurfaca  |»ovidaa  a  unique 
atarting  point  where  tha  GC  aubatrate  haa  baan  modified  aa 
little  aa  poaaiUa.  In  thia  report,  catedul  voltemmatry  and 
adaorption  on  the  fractured  aurface  are  diacuaaed.  The 
fractured  carbon  aurface  exhibita  electron  tranafar  and  ad- 
aorption  bdmvior  aignificantfy  different  from  that  which  haa 
been  obaervad  on  poliahed  or  pratraatod  carbon  aurfacea. 

EXPERIMENTAL  SECTION 

Eleetradaa  uaed  far  fracturing  were  oonatructurod  by  diamond 
aawiiigpMoaaofGC-20fromaplato(Tokai).  Thaaa  piacaa  were 
aandadtnvialdapnmwitharwiMMrrtnnalM— rfa|niMriiM«»ly 
O.OOS-0.008  cm*.  The  uaa  of  amall  electrodea  for  fracturing  has 
baan  addraaaid  in  a  pravioua  publication,**  and  it  was  concluded 
that  email  electrode  areaa  are  neoaaaary  to  avoid  mictocrackiiig 
during  the  fracturing  proreaa.  After  sanding,  the  carbon  piece 
wan  sonicated  in  acetone  to  rmnove  cutting  oOa  and  excam  ctfbon 
particlea,  than  embedded  in  an  epoxy  (Eccobond  56,  Emeraon 
and  Ginning,  hm),  which  wan  cured  at  00  *C  far  24  h.  Theepoiy 

prcwidadmwhmiiwImaliilityiiAagnnH— Ihiitakitnimiini— li 

alartroda  aurface  onntaminatinnconmared  to  Other  encapaiilatinn 
matariak.  The  iasuo  of  surface  faulmg  is  addraaaad  in  more  detail 
below.  Chronoaaaparainatry  was  p^ormed  after  fracturing  to 
obtain  the  electrode  area.  To  perform  dironnamparomatry  the 
rod  waa  aandad  to  a  smooth  surface,  poliahad  convaiitionally  (1.0-, 
0.3-,  0.06>«un  ahnnina  on  p«»li«hiiiy  doth),  and  then  plac^  in  a 
oaOwithlmMILPefCNlbinlMKa  The  potential  wm  stepped 
toOAVvaAg/A^andhddfar  10  s.  Cbronoanqieroinetry  was 
also  parfcrmad  in  1 M  KCl  so  that  curves  unad  far  area  caleulatians 
ware  ahwye  background  wfatmeted.  Chronoampacametric  areas 
obtained  on  poHahad  and  fractured  surfacsa  showed  good 
agreement.  The  fracturing  prooedura  involvod  filing  away  the 
aponytoexpoaaapcalnadingtipofapprammately2-0mm.  The 
GC  waa  aoo^  with  a  glaaa-ciitting  fik  at  tire  aposy/GC  junction 
to  define  a  prafarantial  plane  for  fracturing.  The  elactroda  was 
inserted  into  tha  elaftforhemical  can  uamgTeflim  tape  aa  a  seal 
This  can  was  fluahad  a  mnnhar  of  tiinm  Old  flUad  witii  the  aitelyte 
sohitioai,  and  the  slactrodewm  fractured  by  impact  from  the  aide, 
expoaing  tha  GC  surface.  Electrodinnical  experimwite  were 
parfarmadimmadiately  after  fracturing  and  mcnhcrsd  over  time. 
Tha  can  was  completed  with  a  Ag/AgCl  (3  M  NaCl)  rdhrance 
elactroda  and  a  platinum  auxiliary  slectroda  For  experiments 
on  poliahed  aurfacea,  Eccobond  moinitod  GC>20  elactwdm  were 
aanidad  with  000-grit  silicon  carbide  paper,  poliahad  aucramively 
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Flpnl.  Viitwnmi»yo*i|Wlwni  OH  fcaaurid  00-20.  rfocynldi 
In  1 M  KCL  Af  p  a  n  mV,  bMkvaiaid  nMraeM  (•),  MeoiMe  add 
ki  piMMphaia  buNar  pH  7.0.  f .  •  0.0  V  (bk  dopinilna  bi  phoiphata 
buHar  pH  7.0.  ^p  a  28  mV  Conoanbattana  am  appmdmaMir 
1  mM;  *  a  0.1  v/a;  pdandala  vn  Ao/AgCL 

with  1-.  0.3-.  and  0.06-Mni  alumina,  and  finally  lonicatad.  All 
alactrodMmical  exparimanta  wan  intaHSaoad  to  a  PC  and  con- 
trailad  by  a  locally  writtan  iwacram.  Lhiaar  eydk  voltammatiy 
waaa  fixiaa  wara  ptoaidad  by  a  fimetiaa  canarator  (Taktranix) 
which  waa  trigatad  with  a  pulaa  ptoaidad  by  a  Tahmaatar  A/D 
boaid  (Sdantific  Sohitiona).  A  conaantional  thiaa  alactioda 
potantiaatat  (Adaancad  Uaa  Machanica,  Columbua,  OH)  waa 
tttiliaad  with  tha  RC  fihar  aalua  dictatad  by  RCna  <  4  mV.** 

Datannination  of  auifhea  coaarada  T  (mol/cm*)  of  cata^nla 
waa  parfocmad  by  intapating  tha  path  aiaa  of  cyclic  aoltam- 
ffloframi  plotted  on  a  tuna  axia  to  obtain  diaifa  (0),  and  taking 
r  «  Q/nFA  whan  n  «  2  and  A  iatha  duanaampmomatiieana 
of  thaftactenadngion.  Samiintagrah  wan  calmlatad  wifii  tha 
GldjgarithmcfOidhamaainpnairapubiicatiana.*  Cipacitanca 
mnaaiiramanta  wan  parfointiwi  with  a  20-mV  amplituda  input 
tiianguiarwam.oaBtandoa(lOV«aAg/AgCL  Thaaquanwava 
output  paak  to  paak  cummt  ia  pnpcitianal  to  the  obaamd 
capaeitann  (C*0iF/cni*)  >  ipy/i/A)  whan  A  >  chnnoampor- 
omatiic  ana.**^  Dopanune,4-niatlqdGatadiol.3,4-dihydroxy- 
phanylacatic  add  (DOPAO.  and  aacot^  acid  wan  obtainadftain 
Akii^  KpFa(CN)k awa  ohtahiad  fcom MalUnckrodt  Thannoua 
atock  aolutuoa  wan  pnpand  with  70%  HCIO4  from  GFS 
Chamicala  and  mono-  and  dihaair  p titanium  phoaphata  bam 
FUmx  Scientific  and  MaUinckmdt.  All  aohitiana  wan  pnpand 
daily  with  Nanopun  water,  with  than  at  pH  7  inapand  imma- 
diat^bafonuae.  Sohitkan  wan  dagnaad  with  argon  or  nitiagtn 
for  appraxiiaately  15  min  baCon  uaa. 

RESULTS 

The  hypothaaia  drhrinf  thia  inaaatigation  k  that  the  alac- 
twchamkalbahaaiorafthabactundaurfacanflactatliabulk 
GC  atractun  mom  aocuiataly  than  poMahad  or  otharwka 
peatraatad  GC.  Piaaioua  raporta  on  alactrochaniktry  at 
bacturadGC-SOinaohadaoimaotipHiuuofalactroo-tiaMfcx 
latn  and  capodtanco.***  Hgqn  1  containa  rapraaentativa 
aottammograma  of  tha  hanehmark  ayatmna  Fa<CN)i’'^*',  do- 
paBiina(DA)aiidaaoathieadd(AA)onbacturadGC-20i  Tha 
AEp  vahm  and  ^  Talun  obtamad  ham  an  charactorktic  of 
bat  alaitwntiaMfc  and  confirm  tha  naulkahiiwn  in  pmahwa 
publicatione.  It  kaignifienk  that  than  thnondoxayataaBa 
axhiliit  fnt  alactran  tranate  on  tha  bacturad  aurbua  wifiioat 
any  pntnatmant,  imptying  that  tha  bulk  GC  atroctom  k 
infaannthractivafordimgatrannflar.  Aeubaaquentinvaati- 
gation  of  adaorption  on  tha  bacturad  aurCam  wan  petibtmad, 
and  than  raaoha  conatituta  tha  bulk  of  the  obaarvatiema 
dkeuaaad  hna. 

Dopaaaim  adaoepthm  hoa  baan  obaarvad  baquantly  at 
aurfaon  adtkfa  barn  baan  akctrochwnkally  pratreatad.'''” 
AdaotpCion  k  baliamd  to  occur  thmudi  aiactraatatic  attnetioo 
and/cr  ion  axchanga  botwaan  tha  nagativaly  chargad  autfam 
ooDcia  layar  and  tha  poaitiaaly  cfaariad  DA  amine  group.”-** 
Thk  mtametion  gia^  anhanon  tha  aannitivity  of  D A  mktiva 
to  ankma  aueh  aa  aacorfaata  and  dihydroxyphanylacatic  acid 


E  (Volta  aa.  Ag/AgCI) 

Hgara  t.  Top;  Vo8aiiwnaay  of  canchola  on  bacbxad  (3C-20  wbh 

OA-90mv!4S?mmv!^^^JM^*0n|Ndlnn  nT 

^/nSiun^ OA^ira^.  aSc  -  286 mV,  t»PAC  -  412  mV. 
Conoamatfona  am  appmnmaniy  1  mil; »  *  10  v/a:  aHcbon  ana 
lor  at  brWi  in  apprcnilmntniy  0.003  cm*;  auppcrtbio  akcbclyta  i 
phoaphata  buNar  pH  7.0. 


(DOPA(3  and  k  tha  bonk  ofaaaaml  in  vivo  analyaaa.  Bacauae 
the  bacturad  aurfaca  k  pnaumably  initially  baa  of  oxid 
ftmrtwmalitka.  itaadaocptionptopartiaeniaydiffaraubatar 
tially  bom  thorn  of  praixoatod  nufacaa.  Tha  acan  nte  uaed 
ham  waa  10  V/a  to  wihnnca  currant  duo  to  adaorbad  apadaa. 
Tha  ranulta  an  ahown  in  Figun  2,  oontraatad  with  thoc 
obtainad  at  a  polkhad  aurboa.  Tha  voltammetry  obtaine 
at  tha  bacturad  aurbee  exhibited  a  aharpar  paak  chametarktic 
of  adaorbad  apaciaa,  and  aemiintagntkm  ako  ahowad  noo- 
aigmoidal  bahavkn  indicativa  of  adaoeptian.*  Thavoltan 
mogram  on  the  bacturad  aurfaca  pemktad  avan  after  r 
placement  of  the  dopamiiM  aolution  with  background  elec¬ 
trolyte.  All  indicationa  ahowed  that  dcqpamine  adaorptic" 
occurred  on  the  bactured  aurfaca  immediately  after  tl 
bactuting  proceaa.  Them  reaulta  warn  unexpected  baaed  0.. 
an  electroatatic  meefaankm.  In  order  to  invaatigate  thk 
dkcrepancy  further,  4-nieth^catechol  (4-MC)  and  DOPA'' 
wan  alao  examined.  Them  ayetema  wan  choaan  bacaum 
their  aimilarity  to  dopamim  in  all  anpecta  except  aide-chaiu 
atiuctun  and  charge.  4-MC  and  DOPAC  poaeam  neutral  and 
nagativa  chargm  napactivaty  at  pH  7,  idiile  dopamirw  k 
monocation.  Voltainmetry  of  them  ayatema  at  tte  bactun 
aurboa  k  ahown  in  Figun  2  with  voltammetiy  at  pdiahea 
aurbem  for  comparkem.  Cyclic  voltammetry  and  aemiinte- 
gratiw  at  the  bacturad  aurfaca  for  4-MC  and  DOPAC  bo' 
indicate  thataignificant  amounta  of  adaorptkm  occurred  f 
than  oaDpoondimwrilm  for  dopamine.  Adaoepthm  through 
alactroatatk  intanctiaiia  with  ourboe  oxideo  on  the  bactured 
aurbm  (if  praaent)  k  not  likely  aince  then  k  no  obvio 
dkeriminatioB  baaed  on  aide-chain  charge.  In  addition,  t 
AEp  vahMO  obtained  at  tha  bactured  aurboe  for  the  three 
compounda  an  aniroximatdy  equal  adiila  thorn  at  the  pol- 
khed  aurbm  ahow  a  definite  tr^  baeed  on  charge  (DA 
4-MC  <  DOPAC).  The  voltemmetry  obtained  at  the  boctur 
aurbm  k  themfon  aignificantly  diffnant  bom  that  at  the 
polUnd  aurbm  and  k  dktinct  bom  other  reported  activat‘d, 
Burbom  aa  walL 

Further  quanthatico  of  tha  extent  ot  mtechol  adamptiv,  J 
waa  aehiavad  by  radudng  the  analyte  concentration  to  ap- 
proximately  10  mM  ao  that  current  due  to  diffiiaing  apec' '  j 
waa  reduced.  Tham  reaulta  am  ahown  in  Figun  3.  Volte-  | 
mograma  wan  obtained  m  a  ftmethm  of  lima  after  bacturiub , 
and  thorn  ahown  am  fw  nioximum  adaorptkm  the  apedea 
of  interaet  Tha  time  of  maximum  adoorption  varied  c'  1 
pending  on  the  analyte  but  ranged  bom  3  to  7  min  af  r 
bacturing.  Almoat  no  Faradoic  current  waa  obmrvable  ai 
tham  low  oonoentrationa  on  a  polkhad  aurfam,  nor  wm  any 
of  tha  currant  in  Figun  3  attributable  to  diffiiaing  aped'  L 
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rvrn  t  VoinnnMy  of  catMtnIi  on  Iracimd  aC-20.  Oopamiw 
(oL  (bL  OOPAC  (cL  ConooflNNtaio  ora  10 

*  10  V/K  aupporlino  ofocMlyto  ••  pf«»pf»*4  brfiN  pH  7.0;  polMOW 
VO  Ag/AgCL 

TsUo  I.  AdawptiM  «■  GC  SotCmm  (»  •  19  V/o,  “  16~ 
mM) 


r.*  pmel/em* 


pH  7.0 

pH  0.8 

fractuiod 

OA 

156  A  42*  (A/  -  12) 

312  A  92  (IV  -  10) 

4-MC 

312  A  64  (N  «  8) 

324  A  66  (IV  «  5) 

DOPAC 

133  A  44  (N  -  10) 

280  A  40  (IV  «  5) 

AA 

<15  (iV  -  3) 

42  A  20  (IV  -  3) 

fraetitrsd  +  BCP^ 

DA 

303  A  30  UV  -  3) 

4-MC 

312  (JV  -  2) 

DOPAC 

66(JV-2) 

Craetiizod  -I-  BCP* 

DA 

493  A  121  (N  -  4) 

447  (IV  -  2) 

4-MC 

296  (IV  -  2) 

DOPAC 

59  A  23  (iV  «  3) 

pottslwd 

DA 

9  A  5  (IV  -  7) 

29  A  19  (fV  ■  6) 

p«»i««Im>I  +  ECP* 

DA 

503  A  66  (IV  «  3) 

352  (IV  -  2) 

•  Bassd  on  cbranaamparooNtiie  arse. 

*  Standard  deviation. 

^  ^  mw  a.,  /  a _ ^1  r _ 

'ECPooodttiaas:  26  cyclic  potwtial  moim  0-1.8  V  «•  Af/ApCL  in 
ai  M  KNOy.  'BCP  condhiom:  Sun  m  e.  but  in  pH  7.0  pboo- 
photo  buffer.  _ _ _ _ 

Table  I  -■"■KMitw—  r  (pmol/cm^  valuM  obtained  by  inte- 
gratin(  voltanmogiaiiiB  fer  10  mM  aohitimiB  at  acidic  and 
neutral  pH.  At  10  pM  coocentratioa  and  pH  7.0,  the  laigeat 
Miwmc  rf  tlticntinn  oheecced  ia  Ibf  4-MC.  with  leap  obearaed 

for  DA  and  DOPAC.  At  pH  0.8,  tha  differaneaa  an  laaa 
but  aD  thne  oompounda  cihibited  bifber  F.  A 

specific  mechaniam  of  adaoeption  ia  not  ^iparant  friHn  thia 
data;  bowe«ar,aQmaqiMlitatinobaerTatiaaa  an  evident.  At 
GCiutgaeaapraparad  by  poHahim  or  ECP,  electron  tranafar 
and  adaocptkm  activity  have  been  obaamd  to  vary  with  the 

charpeoftheana^”'*^**^  Atftactuiadaurfacea,aignifieant 

adaorption  ooeun  for  oomponanta  lagaidlaaa  of  their  diarge, 

withnopcefatancaforcatiaaaoratiioiia  Una  bdiavior  ia  n^ 
imiicative  of  adaorption  occurring  through  an  electroatatic 

An  example  of  how  adaorption  differa  for  fractured,  pol- 
and  BCP  lurfaoea  ia  ahown  in  Figun  4.  Dopamine 
adaorption  at  10  pM  concentration  ia  barely  obaervaUe  on 
pniirild  aurfaoaa,  but  ia  prominent  for  fractured  and  ECP 
aurfacaa.  ECTofaftachaedaurfrce  eaueeianincreaaeinboth 
dopaminaadaorptioa  and  background  current  TaUelaum- 

tMTive  r  valuaa  for  ECP  treatment 
A  fart^  ot  aome  impmtanoe  in  determining  the  extent  of 

adaorption  at  the  fractured  aurfroe  ia  variatioo  of  r  with  time 

after  fracture.  Peak  arena  for  10  pM  ooncentrationa  incteaned 


80  UA 


0.6  0.4  0.2  0.0  -0.2  -0.4 


E  (Volta  «•.  Ag/AoCI) 

none  4.  OopanWw  voinimietry  on  poWwd  (aold  me).  F  »  H 

pmol/an*;  taebrad  ttJUad  me),  r  »  178  pmol/cm*;  end  ECP  WaUwO 
maL  r  >  546  pmal/CRi>  aurtaoM.  ECPprooedutala25cyclcpo- 
tantad  acww.  0-1.6  VtaAg/ApClin  0.1  MKNO,.  DA  concetareaon 
la  10  pM;  M«poii^  alacMyia  le  phoephete  buffer  pH  7.0:  r  «  10 
V/a. 


E  (Vetta  *•.  Ag/AgCl) 

ngNe6.  VoauMwey  of  dopanWw  on  ftacturad  QC-20, 10  pM  In  0.1 
Id  HC»4.  r  -  10  V/a.  before  addWon  of  1.4-dbnattioxybanzone  (a), 
altar  adddon  of  10  pM  l.4-dbiwawxyt>onnne  (b). 

for  aeveral  minutaa  after  the  fracturing  procedure,  reached 
a  conatant  value  for  amne  time,  and  then  alowly  decreaaed. 
Ihe  incieaae  following  fracture  ia  at  least  partly  attribut^le 
to  difftiaion  time  at  low  concentration.  If  only  diffu- 
aion-contiolled  maaa  transport  were  operative,  a  monolayer 
would  require  about  6  min  to  adsorb  for  10  pM  bulk  con¬ 
centration.*  The  subsequent  decrease  in  charge  may  be  due 
to  c^mpiititiiMi  for  adaorption  sites  by  impurities  which  dis¬ 
place  the  adsorbed  analyte.  The  effect  of  impurity  compe¬ 
tition  is  pronounced,  perhaps  due  to  the  weak  nature  of  the 
analyte  adsorption.  Initial  experiments  were  performed  on 
eleftwH—  iriiidi  had  been  encapsulated  in  Torr-aeal  (Varian) 
epoxy.  Voltammetry  of  1  mM  solutions  obtained  at  such 
electrodm  immediately  after  fracturing  was  well-defined  and 
displayed  both  low  p^  separations  and  peak  shapes  char¬ 
acteristic  of  adaoeption.  After  a  few  minutes,  however,  a  large 

deenme  in  peak  hei^  and  a  large  incieaae  in  peak  separation 

were  observed.  For  10  pM  concentratioiis  the  ademption  was 

not  even  apparent  at  the  Torr^eal  electrodes  because  the  time 
naoamaiy  to  adiieve  sufficient  analyte  adaorption  also  allowed 
extensive  competition  by  Torr-aeal  derived  impurities.  Ob- 

vioualy  care  must  be  taken  to  minimixe  impurities,  and  the 

epoxy  laed  to  frbricate  the  electnde  appears  to  be  a  {xrindple 
source  of  contamination.  The  Eccobond  epoxy  used  in  this 
study  omtaminates  the  sidutum  to  aome  extent,  though 
ita  effects  are  not  as  severe  as  those  of  Torr-aeaL  However, 
interpretatimi  <d  quantitative  results  must  be  qualified  ac- 
cmdingly.  M««f*K«g  of  the  contamination  process  was  at¬ 
tempted  by  introducing  1,4-dimethoxybaiaene  to  the  anal^ 
T^>hitiAn,  with  the  results  shown  in  Figure  5.  With  the  in- 

tnxhiclion  of  1,4-dimethaaybenzene,  the  diaige  due  to  analyte 

did  decrease  significantly,  indicating  that  the  an¬ 
alyte  species  was  displaced  from  the  electrode  surface.  ^  Al¬ 
though  dimethoxybenxene  is  only  a  model  for  adventitious 
impurities,  it  does  demonstrate  that  catechol  ad¬ 
sorption  is  fair^  weak  and  easily  displaced  by  competitive 
adaorption  of  other  solution  species.  Stated  differently, 
catechol  adsorptum  requires  a  quite  clean  surface. 
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ngMt.  VoBMinwIry  (Upper  MB  of  MnocyanUi  »  60  mV) 
on  fradurod  QC-20  wBh  waortoted  mwIwImwI  (upper  1  mM 
ki  1  MKCLr*  10  V/a,  eeoortilc  edd  on  ftadured  Qfr20  «  0.06 
V)  (lower  left)  wBh  eeeocleled  semBMefpel  (lower  i1^  1  mM  ki 
phoepliele  buffer  pH  7.0,  »  ■  10  V/a  CVs  are  bedc^ound  mb- 
traded.  Potandaii  m  Ao^AgO. 


ngwa  7.  VoBemmety  of  1  mM  aaoortiie  add  -f  10  pM  dopamkia  on 
ftaebrad  0040  ki  0.1  M  HCIO4.  *  *  10  V/a.  Ooparnkw  >  06 
mV,  aaoorbic  add  £,  >  416  mV;  polandal  aa  Ag/AgCL 

Since  fracturinf  of  giaaoy  materials  can  lead  to  micro¬ 
cracking,  there  is  a  poaailrility  that  the  apparent  adamptioa 
behavidr  is  doe  to  dectidysia  <tf  analyte  in  cracks.  To  test 
this  poaubOity,  ascorbate  and  leere  esamined  on 

fractured  GC.  Figure  6  omtaina  voltammetry  and  corre¬ 
sponding  aemiintagrals  for  KtFe(CM)«  and  ascorbic  add  at 
pH  7.  No  indication  of  adsorption  in  either  tbe  vottanunetry 
or  the  semiintagrals  was  observed  for  Fe(CN)«*'/^  under  any 
of  the  conditions  employed.  For  AA,  no  ii^cation  oi  ad¬ 
sorption  on  the  fractured  miztaoe  was  apparent  at  pH  7,  but 
we^  adsorption  waa  evident  in  0.1  M  HCIO4  f<n  1  mM  AA. 
No  voltaminetfic  signal  was  obMTved  for  10  mM  AA  under  any 
conditiona.  Thaae  esperiments  were  perfomed  a  number  M 
times  throu^  the  course  of  research,  but  at  no  time  was 
adsorption  at  the  level  obsarvid  for  the  cstecbols  ever  obsarved 
for  AA.  A  number  of  other  factors  also  indicate  that  the 
vdtaninMtiic  bdiavior  of  catechols  is  indoced  by  adsorption 
and  not  mktocracfcing.  Figure  7  shows  voltammetry  at  a 
fractured  surfsoe  in  a  mature  of  1  mM  asombic  add  and  10 
mM  dopamine.  ThepeakarsasaresimilarforthetwocQU- 
pooipts  even  tibouj^tiieaBoorbate  is  present  at  a  mudihiiber 
concentration.  The  bebavior  shown  in  Figure  7  persists  hx 
about  3-6  min,  aftor  wbidi  the  AA  peak  Inoodena,  for 
DA  incresaas,  and  tp  for  DA  decreaesa,  aiq>arentfy  due  to 
impurity  adsorption  from  sotution.  Those  results  indicate 
preconcentration  of  the  dopamine  due  to  ite  adsorption  at  the 
electrads  surface.  In  additkm,  capacitance  measumnents 
perfommd  at  the  fractured  surface  result  in  abnoet  model 
square  warn  befaenfor  in  reapooas  to  an  imposed  trianide  Yiave 
potentlaL  If  microcraddiig  had  occurred,  some  rounding  of 
the  square  wave  would  be  espeetod  due  to  the  presence  of  large 
RC  components  at  the  electrode  surfooe  microcracks. 

DISCUSSION 

The  reouits  bear  on  two  distinct  quastions  about  GC  surfooe 
reactivity.  First,  dom  the  fractured  face  of  GC  more  greatly 
reflect  the  bulk  GC  prapertim  than  a  poliahed  or  ECP  surfooe? 


■Sagnui,  (ioas  the  adsorption  behavior  of  the  fractwad  sm.a 
differ  from  that  of  trsf^  GC  surfoem?  Ragaidiag  the  fir 
question,  curmt  results  confirm  earlier  obaervMiona 
polishing  or  ECT  substantially  altar  the  GC  structure.  1 
Raman  spectra  and  observed  k*  for  a  polished  surfoct 
quite  different  from  the  reeults  for  a  fraOured  foce,  with  tl 
Raman  spectrum  indicating  greater  disorder  on  the  poli '  < 
surfooe.'*  For  all  systems  studied,  eiectron-tranafor  kin  > 
are  faster  on  tbe  fractured  surface,  an  effect  attributeu 
greater  nnfoce  deanlinem  Furthermore,  tha  k*  value  for  tl 
fractured  face  is  as  high  or  higher  than  the  highast  valuf  f< 
poiiahad  or  laam  activated  surfaces,  implyuv  that  fract  < 
GC  is  inharseitlyridi  in  active  sites  for  tiactzontiaiadsr.  Sm< 
a  fractured  surface  must  have  initially  wnaatiafied  valence 
it  cannot  be  idwtical  to  bulk  GC.  However,  we  condude  i 
the  mntliftratiwi  of  the  bulk  Structure  is  minimised  for  1 
turing  compared  to  polishing  or  laser  activatioiL  Tl 
agreement  of  theoretical  and  observed  vtdtammograms  ac 
the  lack  of  Fe<CN)«*'^**<»  ascorbate  adaorptum  rathe  1 
tuied  surfooe  indioste  nearly  ideal  behavior  with  high  dec  c 
transfer  activity. 

The  adsorption  bdmvior  for  DA,  4-MC,  and  DOP AC  01  '1 
varimdtamatiiallydeprading  on  how  the  surface  is  prep  ^ 
This  behavior  is  most  easily  oonsklered  for  three  caae 
fractured,  poliahed,  and  eloctrochamicaQypretieatedGC.  Tl 
fractured  surface  exhibits  daasieal  adaenptira  at  low  '  i 
concentratira  (10  |iM)  for  DA,  4-MC,  and  DOPAC,  but  ; 
ligible  adaorptkm  for  Fe(CN)«*~/*'  or  aacorlac  add.  ru 
thermore,  the  adsorption  was  independent  of  the  charge 
the  adsorbate,  ahhemgh  adsorption  was  significantly  hi  i 
in  acidic  media.  Soriaga  and  Hubbard**  reportad  F  for  4  f 
on  Pt  elactrodas  to  be  287  pmol/cm*  for  flat  cnientatira  sr 
526  pmol/cm*  for  edge  orientation  for  monolayer  adaenptio 
Rougfanem  foctors  for  fractured  GC  are  apprarimately  2-:  ^ 
so  t^  adsorptioa  of  catediolB  is  somewhat  leas  than  a  1  •; 
olayer.  Whra  the  analyte  concentration  was  increased  to 
mll^  diffusing  nmterial  was  observed  on  top  of  a  stron'  r 
sponae  fra  adsorbed  spedee. 

On  the  poliahed  surface,  the  eiectrra-tranafer  kinetic.  J 
creased  significantly  and  adsraption  was  not  observable  f 
10  mM  cracentrationa.  Even  at  1  mM,  adsorption  appe  c 
weak,  but  was  stnmger  for  DA  than  for  4-MC  or 
Whan  a  fractured  surface  underwent  ECP  in  either  nitra 
or  phosphate  solution,  adsorption  for  DA  inereoMed  by  2 : 
3  times,  4-MC  changed  little,  and  DOPAC  decreased,  n 
ilariy,  ECP  of  a  poliahed  surfme  greatly  incremed  F  fra 
by  a  foctra  of  ^qiroximately  60  (Table  D.  Thus  both  tl 
poliahed  and  E(3p  surfocss  exhibited  adsorption  which  di 
criminated  fra  adsorbate  dmrge,  with  the  ECP  surface  I  1 
mote  pronounced  in  both  magnitiMie  and  degree  of  diet  o 
metym.  Thus  tte  adsorptioo  bdiaviras  on  pdiahed  and  EC 
surfocm  are  qualitativsiy  similar  but  are  dearty  distinct  froi 
that  on  the  fractured  surface. 

The  obserrarions  are  rraisistrat  with  a  qualitetively  die..j 
adaorptira  mechanism  fra  the  fractured  surfooe  oranpared 
poliahed  ra  ECP  surfooaa.  If  adaorptira  to  tbe  fracturet'  Z 
foce  occurred  tfarou^tim  aromatic  catedml  ting,  it  wouk  i> 
be  charge  specific  and  would  not  occur  fra  aaorabate  or  / 
Furthermore,  the  clean,  active  fractured  surfat 
would  yield  fast  electrra  transfer.  When  the  surfoce  is  ic 
ishsd,  both  the  adaorptira  and  k*'s  are  decreased,  sppar  |t 
due  to  bnpurity  aifaacption.  Upon  ECP,  adsorption  strong 
ftvoiacationa,implyiiy  an  electrostatic  medmsisnL  Asnoti 
by  several  other  authcis,**^  the  prefotenoe  fra  DA  V> 
aeoorbato  ra  DOPAC  on  the  ECP  aurfoce  is  likely  due  ’  |e 
ion  exchanfs  mechanism,  probably  at  caiiioxyiate  groups : 
the  01^  film.  It  should  be  noted  that  although  DA  yielc 
a  larger  voltammetric  response  than  AA  fra  b^  fract  It 
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and  ECP  surfacea  due  to  selective  adaorption,  the  adsorption 
mechanism  for  the  two  surfaces  is  fundamentally  different 
The  current  results  are  relevant  to  the  area  of  voltammetric 
bioanalysis  of  catechols,  particularly  in  small-animal  tissue. 
In  such  experiments,  a  carbon  fiber  microelectrode  u  used  to 
detect  catechols  in  the  presence  of  ascorbate  after  pretreat¬ 
ment  by  polishing*"’’  or  If  the  approach  is  to 

be  succeesful,  the  electrode  must  discriminate  heavily  for  DA 
over  DOPAC  or  ascorbate,  since  DA  is  usually  a  minority 
component.  The  work  reported  here  demonstrates  that  a 
fractured  and  presumably  unmodified  carbon  surface  will 
discriminate  for  catechols  over  ascorbate  but  not  for  DA  over 
DOPAC.  In  contrast,  a  lightly  pobshed  carbon  fibtf  nucrodisk 
does  discriminate  for  DA  over  DOPAC,”  implying  that  a 
charge-speciHc  mechanism  is  operative.  This  observation 
implies  that  the  surface  of  cartxm  flber  electrodes  used  thus 
far  for  in  vivo  analysis  are  partially  oxidized,  often  uninten¬ 
tionally. 

ACKNOWLEDGMENT 

We  thank  Nicholas  Pontikoe  for  useful  discusaions  and  H. 
Ping  Wu  for  assistance  with  electrode  fabrication.  This  work 
was  supported  by  the  Air  Force  Office  of  Scientific  Research, 
and  by  an  ACS  Analytical  Division  Fellowship  to  CDA 
sponsored  by  Eli  Lilly  and  Company. 

REFERENCES 

(1)  McCreary,  R.  L.  In  Chtmiity.  Bard,  A.  J..  Ed.;  OMi- 

kar  New  Vork.  1991;  Vol.  17. 

(2)  Fagwi.  0.  T.;  Hu,  1.:  Kuwana,  T.  Aiml.  Cham.  1999.  57.  2759. 

(3)  Hu.  I.:  Karvrak.  0.  H.:  Kuwana.  T.  j.  Btctoantl.  Chtm. 
Oectneham.  1999,  1M.  59. 

(4)  Kamau.  a  N.;  WBa.  W  S.;  fltalna.  J.  F.  Aiml.  Cham.  1995.  57.  545. 

(5)  Kama.  B.;  ’MaiaHnam.  O.  E.;  Kuwana.  T.  Anal.  Cham.  1999.  57. 
2739. 

(9)  Studs.  K.  J.:  Kovach.  P.  M.;  KiSv.  W.  a;  WIigwnan.  R.  M.  Anal. 
Cham.  1995,  55.  1932. 

(7)  WUWnan.  R.  M.;  OaMdn.  M.  R.;  Kovach.  P.  M.;  Kuhr.  W.  d:  Studs.  K. 
J.  J.  Baamcham.  Soe.  1994.  1$1.  1579. 


(9)  Peon.  IrU  MoOsaiy.  R.  L  Anal.  Cham.  1999.  55.  2746. 

(9)  Pocn.  M.;  MoCrsary.  R.  L;  Engsdom,  R.  Anal.  Cham.  1999.  50. 
1725. 

(10)  Rtaa.  R.  X:  Ponaas.  N.  M.;  McOwy.  R.  L  J.  Am.  Cham.  Soc 
1999.  rtt.  4917. 

(11)  SkaSi,  T.  a:  EwSa.  A.  a  Anal.  Cham.  1991.  53.  194. 

(12)  Eiamom.  R.  c.  AnW.  Cham.  1999.  54.  2310. 

(13)  Cngmem,  R.  C.:  Seaasar,  V.  A.  Anal.  Cham.  1994.  55,  139. 

(14)  Kapisy.  L.  J.:  Baid.  A.  J.  Anal.  Cham.  1999.  SO.  1459. 

(15)  Bew9aft  R.  J.:  Packard.  R  T.:  McCraary.  R.  L.  larvnut  1S99.  5.  993. 
(19)  XIa,  Y.;  ahanmod.  P.  ML  Appl.  Spac.  1999.  44.  1921. 

(17)  CatanlM.  a  E.:  at  at  3.  Am.  Cham.  Soc.  1999.  >07.  1945. 

(19)  OaMSii.  M.  R.;  Kovach.  P.  M.;  Studs.  K.  j.;  \M(5«nan.  R.  M.  Anal. 
Cham.  1999.  55.  1474. 

(19)  NsoBCka  T.;  YoMSno.  T.  Anal.  Cham.  1999.  55.  1037. 

(20)  Ba»y.  A.  L;  CwtHcn.  A.  J.  Baetmanal.  Cham.  iMartadal  Bacto- 
tham.  1999.  245.  293. 

(21)  Nagaakm.  T.;  at  at  Anal.  Cham.  1999.  50.  2799. 

(22)  HoaaS.  X  0.;  Ki5».  W.  a:  Enaman.  R.  E.;  WWemar.  R.  M.  J.  Bae- 
Snanat.  Cham,  limrtadal Baehoeham.  1999.  209.  77. 

(23)  BowBio.  R.  X:  McCraary.  R.  L.  Anal.  Cham.  1999.  50.  906. 

(24)  (Maadt  E.;  TahamkovaM,  N.  BachacNm.  Acta  1971.  >5.  579. 

(25)  BahM.  M.;  TahamkovaU.  N.;  QIaadi,  E.  J.  Bacaocham.  Soc.  1972. 
119, 

(29)  RIoa.  R.:  Akad.  C.;  McCraary.  R.  J  Baetmanal.  Cham.  Intariadal 
Baeaoeham.  1999.  253.  193. 

(27)  Qonen.  F.  a;  FonWartaL  C.  M.;  Buds.  M.  J.;  Putd.  J.  F.  Anal.  Cham. 
1991.  53.  1399. 

(29)  FalsL  L.:  Chang,  H.  Y.  Anal.  Cham.  1992.  54.  2111. 

(29)  SuiwtvMdctwong.  S.;  AckL  K.;  Tokuda.  K.;  Matsuds.  H.  J.  Bactma- 
1^.  Cham.  IntartaeU Bacaocham.  1999.  19B.  195. 

(30)  lylctwaL  A.  C.;  JusSoa.  X  B.  Anal.  Cham.  1997.  55.  405. 

(31)  Baw.  X  E.:  Kriatanaan.  E.  W.;  May,  L  J.;  WMamann,  D.  J.:  Wlips- 
man,  R.  M.  Anal.  Cham.  1999,  50,  1299. 

(32)  Swacano.  R.  A.:  Ewtng.  A.  a  Anal.  Cham.  19M  50.  2019. 

(33)  Ante.  O.  M.;  KMv.  M.;  Khodshakhah.  M.  M.;  NowfeakL  S.;  Wangar.  M. 
Aiml.  Cham.  1999.  91.  2903. 

(34)  Sortaga.  M.  P.;  Hubbwd.  A.  T.  J.  Am.  Cham.  Soe.  1992.  104,  2735. 

(35)  PoMfeca.  N.:  McCraary.  R.  L  J.  Bacaoatml.  Cham.  IntartadalBac- 

(39)  QarlwdL'a;  Adm  R.  N.  Anal.  Cham.  1992.  54.  2919. 

(37)  Nagy,  a;  QartwdL  Q.;  Oka.  A.;  Rica.  M.  E.;  Adams.  R.  N.;  Mocra.  R. 
B.:  Szartfcmay.  M.  J.  Bacaoaiml.  Cham.  Intartadal  Bacaocham. 
1999.  >55.  96. 


Received  for  review  July  25, 1991.  Accepted  November  6, 
1991. 


3124 


Rapriiitad  from  Tka  JoiirBai  of  Physical  Cheaiistry,  1992,  M. 

Copyright  ®  1992  by  tha  Amaricaa  Chaaical  Soeiaty  and  rapriatad  by  parauaaioa  of  tbo  copyright  oaraar. 

AntfuraquifiOfHKlItutfoiMitt  A<toorptlon,  Elactron-Transfcr  Kln^ica,  and  Capacltanca  on 
Ordarad  GraphHa  Elactrodas:  Tha  Important  Rola  ci  Surfaca  Dafacts 

Mark  T.  McDcrmtt,  Krisda  Kaatea,  aad  Rkhaad  L  McCrtcry* 

Department  of  Chemistry,  The  Ohio  State  University,  120  W.  IBth  Avenue.  Columbus.  Ohio  43210 
(Received:  October  3.  1991:  In  Final  Form:  December  12,  1991) 


The  adsorption  of  anthraquinone-l.d-ditulfonate.  disodium  salt  (AQDS),  was  found  to  be  well  behaved  at  glassy  carbon 
(GC)  and  Ughly  oriemed  p^ytk  graphite  (HOPG)  eiecirniles  On  laser-a^vated  GC  the  surface  excess  obeys  a  Lat^nniirian 
isoth^  in  the  concentration  range  of  S  x  IIT*  to  I  X  M  with  a  saturation  coverage  of  228  pnwl/cm^.  AQDS  at  untreated 
HOPG  electrodes  was  studied  more  extensively.  Adsorption  at  basal  plane  HOPG  was  discovert  to  occur  solely  on  edge 
plane  defects.  Defects  on  basal  plane  HOPG  can  be  crested  adventit^usly  in  the  cleaving  process  or  can  be  controlled  by 
laser  irradiation  at  varying  power  densities.  The  amount  of  AQDS  adsorbed  correlates  with  laser  power  density.  Surface 
excess  on  HOPG  also  obeys  a  Langmuir  isatherm  with  the  saturaiioooavetage  depending  on  the  defect  deuity.  On  conventionally 
cleaved  HOPG  surfaces,  the  amount  of  AQDS  adsorption  correlates  srith  other  dectrochemical  parameters,  the  magnitudes 
of  which  are  known  to  depend  on  edge  plane  density.  These  parameters  are  the  heterogeneous  electron-transfer  rate  constant 
of  the  ferri/ferrocyanide  redox  couple  and  diflercnthU  capadtanoe.  A  new  low  differential  capacitance  of  less  than  1.0  uF/cm’ 
has  also  bem  obsoved  on  near-perfect  basal  plane  HOPG.  The  unusual  ferrocyanide  voltammograms  observed  on  low-defea 
HOPG  are  consistent  with  a  potential-dependent  transfer  coefTident. 


IntmdMdoa 

The  widespread  use  of  carbon  electrodes  in  energy  conversion, 
electrosyntbeus,  and  dectroanalysis  has  stimulated  a  wide  variety 
of  research  on  the  relationship  between  carbon  structure  and 
electrochemical  behavior.'-^  Ih^e  it  is  recognized  that  carbon 
microstruaure,  surface  oxides,  and  adsorbed  films  will  affect 
electrode  Idnetka,  capadtance,  etc.,  these  structural  variables  are 
often  difficult  to  control.  Several  reports  from  our  group^  and 
others^'*^  have  identified  the  imporunce  of  basal  ami  edge  plane 
graphite  regions  to  electrochemical  behavior,  and  noted  that  the 
distribution  of  edge  and  basal  sites  on  a  carbtm  surface  varies 
greatly  for  different  carbon  substrates  and  surface  preparations. 
The  difficult  problem  of  relating  surface  structure  to  electro- 
dtemical  behavior  is  sigmikaiitly  simplified  by  examining  a  nearly 
ideal  surface,  namely,  the  basal  pUne  of  highly  ordered  pyrolytic 
graphite  (HOPG).  llie  basal  plane  has  a  knwn  distritotion  of 
carbon  atoms  and  provides  a  single-crystal  analogue  of  mmv 
disordered  carbon  materiab.  The  purpose  of  thb  paper  »  to 
characterize  the  basal  plane  surface  of  nearly  perfect  HOPG  and 
to  examine  its  electrochemical  properties. 

HOPG  b  a  highly  anisotropic  material,  exhibiting  quite  different 
properties  on  iu  b^  and  edge  planes.  Physical  properties  of 
HOPG.  such  as  resbtivity,  thermal  conductivity,  thermal  ex¬ 
pansion,  and  Young’s  modu^  display  anbatropy  with  sometimes 
large  differences  b^een  the  in-plane  (o-axu)  and  out-of-piane 
(c-axb)  directions.*  Raman  spectrosoopy  of  HOPG  also  depends 
on  thb  anisotropy,  with  the  ratio  of  1360-cm~7lS82-cm''  band 
intensities  correlating  with  graphitic  edge  plane  density.^-*  Our 
group  and  othen  have  reported  anisotropy  in  the  double-layer 
capacitance  (C*)*Ar->o  ^  heterogeneous  electron-transfer  rate 
consunt  (A*)Uaii.i]  berchmark  redox  systems,  with 

both  C*  and  k*  being  higher  for  edge  vs  basal  {dane  HOPG.  The 
density  of  edge  plane  sites  on  HOro  can  be  increased  greatly  by 
illumination  with  energetic  laser  pulses,  apparently  by  thermo- 
mechanical  shock  induced  by  rapid  thermal  expansion.*-*'*  We 
showed  that  k*  of  FefCN)**"/*"  correlated  with  C*  for  laser-ir¬ 
radiated  HOPG,  implying  that  both  are  related  to  laser-^nerated 
edge  plane.*  Adventitious  edge  plane  defecu  resulting  from  the 
cleaving  of  HOPG  are  known  to  be  sites  for  other  phenomena. 
Eklund  et  al.'*  have  reported  intercabtion  of  HSO4'  through  the 
basal  plane  of  HOPG.  They  concluded  that  the  intercalant  enters 
through  grain  boundaries  and/or  accidental  defects  on  the  surface. 
Damage  caused  by  electrochemicil  oxidatian  of  basal  plane  HOPG 
has  bm  shown  by  Raman  spectroscopy,*-*  scanning  electron 

*  Author  to  whom  correspondence  should  be  tddressed. 


microscopy  (SEM),*  and  scanning  tunneling  microscopy  (STM) 
to  initiate  on  edge  defects.'*  Chang  and  Bard  obsOT^  that 
defects  on  freshly  exposed  basal  plane  occurred  at  a  density  of 
0.1-1 3  urn"*  for  various  samples  of  HOPG.'*  Snyder  et  aL'*  used 
STM  to  observe  polymers  preferentially  nucleating  at  step  sites 
on  basal  plane  HOPG.  Recatly,  we  have  shown  that  adventitious 
defects  on  HOPG  electrodes  affect  electrochemical  parameters 
in  ways  similar  to  those  created  intentionally.  A  more  defective 
surface  as  observed  by  STM  exhibiu  a  higher  k*  for  ferri/fer- 
rocyanide  and  a  larger  C*.*  Accidental  edge  plane  defecu  cause 
oomiderabie  sutistkal  variation  in  the  measurement  of  these  two 
parameters.  The  resultt  also  indicate  strong  adsorption  of  an- 
tfataquiiiooe-2,6-disuifaaate  (AQDS)  to  edge  plane  sites  and  weak 
adsorption  to  basal  plane.  All  of  these  pbenmena  indicated  the 
importance  of  edge  plane  defecu  to  HOPG  behavior. 

The  pronounced  anisotropy  of  HOPG  leads  to  several  serious 
problems  when  examining  electrochemical  variables  on  carbon 
electrodes.  First,  capacitence,  k*,  and  adsorption  often  vary 
greatly  with  the  proportians  of  edge  and  basal  plaM  on  the  exposed 
surface,  as  has  been  noted  previously  in  some  detail.*-*-'*  Thus 
GC  exhibiu  faster  kinetics  than  HOPG  basal  plane  because  of 
iu  higher  edge  plane  density.  Second,  supposedly  ordered  HOPG 
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basal  plane  surfaces  exbibtt  quiu  variable  electrochemical  be¬ 
havior.  dependini  on  the  presence  of  adventitious  (or  inientioaal) 
defects.^  For  eumple,  h*  may  vary  significantly  with  repeated 
deevage  of  HOTG.  (to  to  variations  in  s^aoe  defectt  from  cleave 
to  cleave.^  Third,  any  measurement  of  inherent  basal  plane 
properties  is  likely  to  be  enmamiiMted  by  theefiectt  of  edge  plane 
defects,  and  this  problem  is  severe  wh»  the  anisotropy  is  large. 
For  example,  wh«  k*  is  0.1  cm/s  on  the  edge  and  ICT’  cm/s  on 
basal  plane  (approximau  values  for  Fe(CN)«^/^),*  even  0.1% 
of  edge  plane  (idects  on  a  basal  surtoe  win  yW  obaerved ‘liasaT 
rate  constants  about  1000  times  too  large.  Thus  any  attempt  to 
study  electrochemical  properties  of  the  ordered  HOPG  basal  plane 
is  likely  to  be  frustrated  by  the  effectt  of  a  low  level  of  defecu. 
The  long-range  goal  of  the  effort  presented  here  is  observation 
of  basal  plane  properties  which  are  uncontaminated  by  the 
properties  of  ed^  plane  defects  and  thus  represenutive  of  an 
mdered  carbtm  surface. 

The  electrochemical  behavior  of  mono-  and  disulfonated  an- 
thraquinones  hu  been  the  topic  of  several  investigations,  and  the 
adso^tm  of  these  sulfonated  anthraquiiKmes  on  metals  and 
carbon  has  been  noted  previously.'*'*  Soriaga  and  Hubbard 
sh(twed  that  anthraquinone-2.6-^ulfonate  (AQDS)  adsorbs  at 
platinum  electrodes  in  a  close-packed,  flat  orienution.'*  More 
recently,  He  et  al.'*  demonstrated  that  AQDS  exhiUted  a  well- 
behaved  reversible  adsorptioo  voltammogram  on  mercury  at  bulk 
concentrations  below  10~’  M.  Brown  and  Anson  exainiited  the 
adsorption  of  anthraquinone-2-monosulfonate  (AQMS)  at  pyro 
lytic  graphite  (PG)  dectrodes 

The  approach  us«l  here  starts  with  a  mote  detailed  examination 
of  AQDS  adsorptkm  <m  edge  plane  defects.  Once  AQDS  ad- 
sorptkm  is  established  as  a  usef  ul  quantitative  marker  of  defect 
derisity,  it  can  be  correlsted  with  other  defect-dependent  elec- 
trochemical  variables,  including  capaciunce  and  k*  for 
Fe(CN)«’~^*'-  Such  ooritotiaos  are  useful  not  only  for  estabiishiiig 
the  existence  of  a  nearly  defect  free  basal  plane  surface,  but  also 
for  determining  the  electrochemical  properties  of  an  ordered 
graphite  electrode  surface. 

Expertasalal  Soctioa 

All  solutions  were  prepared  with  distilled  water  purified  with 
a  Nanopure  water  pi^icatioo  system  and  degassed  with  argon. 
Potassium  ferrocyanide  was  used  as  received  from  Mallincbrodt 
lac.,  and  solutions  of  1  mM  K4Fe((^«  in  1  M  KQ  were  prepared 
daily.  Disodium  AQDS  wu  obtained  from  Aldrich  and  recrys- 
tallized  from  water  after  filtering  through  activated  charcoal." 
Solutions  of  AQDS  in  0.1  M  HOk}4  degrade  afier  2-3  days  and 
were  prepared  accordingly.  All  experimenu  were  conducted  at 
23  A  2  'C. 

For  experiments  on  GC,  a  Bioanalytical  Systems  GC-20 
etectrode  embedded  in  Kel-F  was  utilised.  The  GC  electrode  was 
oonventianally  pttlished  before  laser  activatioo  and  GC  experimeatt 
were  perfomied  in  a  Teflon  cell  as  previously  described.'^  HOPG 
wM  either  purchased  from  Union  Carbide  (Parma,  OH)  or  was 
agiftfiom  Arthur  Moore  of  Union  Carbide.  HOPG  samples  are 
graded  by  Union  Carbide  aooording  to  the  line  width  of  the  X-ray 
diffraction  p^  with  greater  line  width  corresponding  to  smaller 
mKtocryitailitesiaeali^the»«xia  Grades  are  as  foUowt:  ZYA, 
S0.4*;  ZYB,  0.8  ±  OJ*;  ZYH,  3.3  A  1.3*.  HOPG  surfacca  were 
prepared  either  by  peeling  with  adhesive  upe  or  by  cleaving  with 
a  razor  Made.  Surfaces  of  ‘pure*  basal  pUne  (very  low  defectt) 
were  obtained  by  cleaving  a  thick  piece  (ca.  >3  mm  along  the 
c-axh)  of  HOPG  with  a  razor  Hade.  Since  deaving  with  adhenve 
upe  impoaed  curvature  on  the  graphiu  being  removed  and  to  a 
leaser  extent  on  the  sample,  the  resulting  me^nical  strain  ap- 
pernd  to  create  defectt.  Cleaving  with  the  razor  blade  did  not 
cause  curvature  and  led  to  low-defect  surfaces.  L^ser  activation 
of  HOPG  was  performed  in  situ  with  solution  p  iCnt  in  a  cell 
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described  previously.*  All  other  electrochemical  experiments  were 
carried  out  in  an  inverted  drop  celL  The  HOPC  was  peeled  or 
cleaved  and  fastened  to  a  conductive  metal  plau  with  powdered 
graphito/aujol  paste  to  assure  good  electri^  contact  A  drop 
of  rdutian  was  then  placed  on  the  fresh  basal  plane  surface.  A 
platinum  wire  auxiliuy  electrode  and  a  capillary  salt  bridge 
'  containing  a  Ag/AgCl  (3  M  NaCI)  reference  electrode  were 
lowered  into  the  dr^  to  complete  tto  cell.  This  type  of  ‘cell* 
elimiiMMn  factOTS  sudi  u  damage  to  the  surface  from  an  O-ring 
and  impurities  flom  the  Teflon  cell.  Because  the  solution  was 
placed  on  the  electrade  within  10-13  s  of  peeling  or  cleaving, 
surface  cantemination  was  minimized.  Eilge  plane  HOPG 
electrodes  were  imbedded  in  Torr-Seal  (Varian)  as  previously 
reported.* 

Adsorption  of  AQDS  was  quantified  by  measuring  the  base¬ 
line-corrected  area  under  the  volummetric  reduction  wave  u 
described  by  Brown  and  Ans<«.^'  The  diflusion  wsve  for  AQ[>S 
wu  too  tm^  to  interfere  with  measurements  of  the  adsorption 
peak  and  wudhptoed  fir  away  on  the  potential  axis.’  Adsorption 
wu  monitored  with  time  until  a  constant  value  wu  observed,  with 
longer  times  being  required  for  lower  AQDS  oonoentratiou. 
AQDS  data  are  report^  here  u  Tgt..  the  observed  adsorption 
in  picomoln  per  square  centimeter,  and  r,u,  the  uturated  ad¬ 
sorption  at  hi^  bulk  concentration  of  AQDS,  denoted  Caqu-  The 
observed  k*  for  PefCN)**"^*"  (D  ■  6.3  x  KT*  em’/soc)  is  reported 
uk*ot,  and  wu  calculated  from  A£p  via  the  method  (ifNicfaolson 
in  most  casu.*  Where  noted,  simulatiou  based  on  a  poten¬ 
tial-dependent  traufer  coefficient  according  to  the  approach  of 
Corrigan  and  Evau*  were  used  to  determine  k*^.  Observed 
differential  capacitance,  reported  u  C*,tw  t***  measured  with  a 
20-mV  peak-to-peak,  100-Hz  triangle  wave  centered  at  0.0  V  vs 
Ag/AgQ  using  the  method  develiqied  by  Giludi  et  al.**-*  and 
used  by  u  previoualy.’^"  All  electiode  areu  used  for  calculations 
were  measured  by  chronoamperometry  of  1  mM  Fe(CN)(*~  on 
a  S-s  time  scale.  Cyclic  voltammetry  and  laser  activatkm  with 
a  Nd:YAG  laser  opmting  at  1064  nm  were  performed  u  de¬ 
scribed  previously.*'*-'’ 


The  voltammetry  of  10'*  M  AQDS  at  a  (}C  electrode  laser 
irradiated  with  three  23  MW/cm*  Nd:YAG  pulses  is  shown  in 
Hgure  1  A.  Laser  activation  <^GC  at  this  power  deuity  serves 
to  clean  the  surface  of  impuritiu  and  polishing  debris.'’-**  At 
this  low  ooncentratioo  of  AQDS,  the  peak  diffiisioo  current  should 
be  approximately  0.01  mA/cm*  and  is  negligible  on  the  scale  of 
Figure  lA.  The  peak  currem  in  Figure  1 A  is  directly  proportional 
to  scan  rate  for  the  wave  centered  at  -0. 1  V  vs  Ag/ AgCl.  Peak 
width  at  half-maximum  (pwhm)  for  this  wave  is  S3  mV,  and  the 
cathodk/anodic  peak  sepantion  is  12  mV  at  1  V/s  and  3  mV 
at  100  mV/s.  For  a  reversible  adsorption  wave,  the  theoretical 
pwhm  is  90.6/n,  where  n  ■  2  for  AQDS,  and  the  peak  separation 
is  zero.*’-**  The  data  indicate  that  at  low  conoentratiou  AQDS 
is  a  quasi-reverrible  surface-bound  redox  center  at  GC  electrodu. 

An  adsorption  isotherm  wu  obtained  for  bulk  concentrations 
of  AQDS  from  3  X  lOr*  to  2  X  10'*  M.  Curve  A  in  Figure  2  is 
the  si^ace  exceu  vs  bulk  concentration  plot  for  AQDS  at  a  GC 
electrode.  This  curve  is  characteristic  of  a  Langmuir  isothenn.*’-** 
Peak  shape,  potentiaL  and  half-width  do  not  chan^  with  con¬ 
centration.  Tbeu  re^tt  imply  minimal  interaction  between 
surface-bound  molecula  at  low  bulk  ooncentratiou  and  provide 
strong  evidenoe  for  an  adsorbed  speciu  adhering  to  a  Langmuir 
isotherm.  It  is  dear  that  AQDS  is  a  well-behaved  surface-bound 
speciu  on  laser-activated  GC  at  low  bulk  concentratiou. 
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PotMital  (V)  Potential  (V) 

FI|«t  I.  Cyclic  volUDunetry  of  10*’  M  AQDS  at  (A)  GC  electrode  activated  tvitli  diree  2S  MW/cm^  laaer  pulses  (B)  edge  pUne  HOPG;  (C)  basal 
plane  HOPG  with  visible  defects;  (D)  basal  plane  HOPG  with  few  defects.  Scan  rate  ■  1  V/t.  Potentials  are  vs  Ag/AgCl. 


ngn  2.  Amount  of  AQDS  adsorbed  vs  bulk  concentration  on  (A)  GC, 
laser  activated  at  25  MW/cm^;  (B)  basal  plane  HOPG,  laser  activated 
at  70  MW/cm^  (C)  basal  plane  HOPG,  laser  activated  at  50  MW/cm'. 
The  lilies  simply  connect  the  points  and  do  not  assume  any  theoretical 
equation.  Adsorption  time  wu  at  least  20  min. 

Puu  B-D  of  Figure  1  were  obuined  under  the  lameoanditiani 
as  part  A,  but  with  various  HOPG  surfaces.  Voltaaunogram  B 
is  HOPG  edge  piane  (embedded  in  Torr-Seal),  and  voltamino* 
gnms  C  and  D  were  obtained  on  two  tfifTerent  b^  plane  surfaces 
with  the  inverted  drop ‘cell”.  Except  for  current  magnitude,  the 
voitammograms  in  Figure  1  exhibit  comparable  pwhm  and 
with  the  ody  exception  being  the  slightly  larger  AF,  for  HOPG 
edge  plane  (possibly  due  to  Torr-Seal  contamination).  Inspect 
of  the  current  scales  of  Figure  1  reveals  the  effect  of  edge  plane 
density  on  the  quantity  of  AQDS  adsorbed,  since  the  peak  cunem 
for  an  adsorbed  species  is  proportioiial  to  the  quantity  adsorbed. 
Electrodes  rich  in  edge  plane  such  as  GC  and  edge  plane  HOPG 
(Figure  1  A,B)  yield  approximately  SO  times  greater  current  Hmh 
basal  plane  HOPG  with  visible  ^fectt  created  in  the  cleaving 
process  (Figure  1C).  The  voltammopam  of  Hgure  ID  occurred 
on  an  HOK  surface  which  had  no  visiUe  defects.  The  absence 
of  a  vohammetric  wave  for  AQDS  on  basal  plane  indicates  either 
that  AQDS  does  not  adsorb  on  basal  plane  or  that  any  adsorbed 
AQDS  does  not  under^etectron  transfer  to  basal  plane.  IneitbCT 
case,  increases  with  greater  edge  plane  density. 

Since  the  voitammograms  of  Figure  1C,D  were  obtained  on 
HOPG  basal  surfaces  prepared  in  the  same  manner,  it  is  clear 


TABLE  I:  OhSMiud  Adsstpdse  ef  AQDS  sad  A*  af  FcfCN),’*/**  on 
Laaar-biaBaiad  Basal  Plaas  HOPG 

power  density. 

*”*,(Fe(CN), 

MW/cm’ 

pmol/cm’ 

cm/s 

50 

35  (»  -  1.2) 

0.042  (»  -  0.0090) 

60 

44  (v-  1.1) 

0.065  (<r  -  0.0092) 

70 

70  (»  ■  1.4) 

0.093  (ff  -  0.010) 

80 

82  (e  -  1.7) 

0.096  (v  -  0.0046) 

90 

96  (V  -  2.8) 

0.1 10  (»“  0.0057) 

100 

140  (v  -  14) 

0.130  (e  w  0.0058) 

*ff  is  standard  deviation,  JV  w  3  in  all  casa. 


that  the  defect  density  varies  significantly  from  surface  to  surface. 
This  conchwon  is  not  surprising,  but  it  does  prevent  preparation 
of  surfaces  with  reproducible  defect  density  by  conventional 
cleaving.  In  order  to  examine  AQDS  adsorption  on  HOPG  basal 
plane  more  quantitatively,  we  used  laser  irradiation  to  generate 
leproducibly  defective  suifices.  In  earlier  reports,  we  sho^  that 
Nd:YAG  laser  pulses  damaged  the  HOro  surface  at  power 
densities  of  45  f^/cm^  and  higher.’-*  Furthermore,  both  ca¬ 
pacitance  and  for  Fe(CN)(’'/*'  increased  with  increasing 
laser  power,  implying  a  higher  d^ty  edge  sites.  Accordingly, 
AQDS  adsorptioo  was  examined  on  laser-treated  HOPG  in  order 
to  study  a  more  reproducibly  damaged  surface,  with  the  results 
shown  in  Table  I.  All  voitammograms  of  AQDS  on  laser-ac¬ 
tivated  HOPG  indicated  ideal  adsorption  and  were  qualiutively 
very  similar  to  those  of  Figure  1C.  Isotherms  for  the  SO  and  70 
MW/cm’  cases  are  shown  in  Figure  2.  While  the  shapes  are 
oomparable  to  that  observed  for  GC,  saturation  oovera^  is  lower. 

The  equation  of  a  Langmuir  isotherm  can  be  lineahzed  in  the 
form 

^AQOS  _  1  Cmios 

ToSi  ^mf>AQOS 

where  r,ti  is  the  surface  excess  of  AQDS,  T.,  is  the  saturation 
surface  excess,  hAOOS  >*  the  adsorption  coefficient  of  AQDS  the 
on  the  particular  surface,  and  Caqos  is  the  bulk  cmicentration. 
Figure  3  shows  the  linearized  data  of  Figure  2,  and  Table  II  lists 
the  data  obtained  from  the  isotherm  of  AQDS  at  several  elec¬ 
trodes.  In  the  case  of  HOPG,  the  saturation  coverage  is  dependent 


a 


flgmt3.  Liaeuued  data  from  Fitiife  Z  A.  B.  and  C  cerreapood  to  the 
same  surfacea  as  in  Figute  2.  The  lines  an  the  tcast-squarea  fit  to  the 
data,  with  r  i  0.99  for  all  linea. 


TABLE  II:  Adsorption  law 

tea  Btmki 

1  far  AQDS* 

surface 

Tatev  Tgai, 

pmoi/cm^ 

cmVi^ 

ref 

GC.  25  MW/cm' 

22s 

6X  10* 

this  work 

HOPG.  70  MW/cm^ 

92 

2  X  10* 

this  work 

HOPG.  50  MW/cm^ 

28 

4  X  10* 

this  work 

Hg 

94 

7  X  10* 

19 

Pt 

127* 

18 

PG 

140* 

20 

'Determined  from  linearized  Langmuir  equation  as  described  in 
text.  *  Not  determined  from  a  complete  iaoth«m. 


on  laaer*iiidtioed  (Unuige.  For  oomparaon,  satuntioo  ooveragea 
for  AQDS  on  other  surfaces  are  also  given  in  Table  II.  The 
increase  in  r«|,  for  the  series  HOPG  (haul)  <  HOPG  (laser)  < 
PG  <  GC  is  oonsisteat  with  the  hicreaae  in  dtaonler  and  edge  phuM 
density  for  these  materials.^  Although  studied  in  less  d^l, 
anthraquinonemonasulfonate  and  14* AQDS  behave  quite  simi¬ 
larly  to  AQDS  with  small  differences  in  T  due  to  varying  mo- 
lecularsae.  Thetfiffetcacesinthemagnttadeof  AQDSadaarptiao 
on  platinum  vs  mercury  have  been  attributed  to  a  very  substantial 
dissimilarity  in  surface  bonding.'*  On  the  basis  of  the  approach 
of  Soriaga  and  Hubbard,  the  theoretiGal  uturation  coverage  for 
AQDS  on  a  flat  surface  is  132  pmol/cm^.'* 

Table  I  also  lisu  the  observed  for  Fe<CN)«^^^  on  la¬ 
ser-treated  surfaces,  in  order  to  compare  with  As  noted 
previously,  increases  with  incressing  laser  power  density  above 
tbe43  MW/cm^thresbokL*  The  values  obaerved  here  follow 
the  same  trend  u  those  reported  previously.*  but  ate  consistently 
higlm,  probably  due  to  greater  cleanliness  accompanying  irra- 
diatioo  in  solution  rather  than  air.  In  order  to  make  a 
correlation  of  and  on  untreated  basal  plane,  it  was 
necessary  to  measure  and  on  the  some  surface.  Thus 
a  vokammogtam  of  Fe(CN)4>'f  **  was  aoqnited  on  a  fireshly  deaved 
surface  with  the  inverted  d^  “cell*.  ^  then  the  solution  was 
replaced  and  was  determined.  In  addition,  was  de¬ 
termined  in  the  Fe(CN)«^^*'  or  AQDS  sohitioa.  In  this  way, 
k*^  and  were  measured  on  a  surface  with  a  given 
defect  denshy.eltoivcly  controlling  for  variations  in  defects  ftom 
surface  to  surface.  The  results  for  42  basal  plane  surfaces  are 
hsted  in  Table  m,  in  Older  of  inereasiiigr«ir  With  the  excepdon 
of  the  laser-treated  sarfMes,  the  T,  and  C*^  values  listed 
for  a  givea  electrode  were  determined  on  the  same  surface  by  the 
inverted-drop  approach.  Paramelen  determined  on  laser-treated 
suifaom  were  reproducible  from  surface  to  surface,  and  atries 
in  Table  in  are  averages  of  three  surfaces.  Notice  that  Jk*^  and 
C*^  increase  monotonically  with  r,|„  implying  that  all  three 
observables  are  controlled  1^  similar  surface  effectt. 

Repreaentatiye  vottanunoipnms  obtained  with  several  surfaces 
exhibitingvaryingA£,  are  shown  in  Figured.  ForA£p<200 
mV,  the  voitammognma  have  shapm  censisteat  with  oonveutkoal 
Nicholson  and  Shain  theory.^  However,  when  exceeds 
200  mV,  distortioos  from  dassKal  behavior  are  evident,  with 
serious  disagteement  with  theory  at  of  above  300  mV.  The 
scan  rate  dependence  of  this  distortion  is  shown  in  Figure  S  for 


TABLE  HI: 
Fo(CN).-^ 

SmteCnvaragi 
and  DMrwamial 

1  of  AQDS.  Klnsnc  PanM 
ropnritanco  far  BaanI  Plana 

ff* 

HOK 

grade/prep.' 

pmol/cm* 

A£  * 
mV 

k'oto.  «“/* 

xF/cm* 

U/C 

<1.0 

1500 

8.0  X  10-’' 

0.6* 

u/c 

<1.0 

O.O* 

U/C 

<1.0 

0.9' 

u/c 

<1.0 

lO* 

u/c 

1.0 

1020 

8.0  X  10-*' 

1.4* 

u/c 

I.I 

770 

6.1  X  10-’' 

1.5* 

u/c 

2.1 

970 

9.2  X  10-*' 

1.7* 

u/c 

3.5 

740 

7.5  X  10-*' 

1.5* 

u/c 

8.0 

1.8' 

A/C 

11 

470 

2.8  X  l(r*' 

A/C 

14 

300 

0.0014' 

1.2* 

A/C 

14 

130 

0.0085 

B/C 

24 

203 

0.0032 

2.9* 

H/C 

25 

168 

0.0049 

B/C 

25 

165 

0.0057 

A/C 

26 

103 

0.015 

A/C 

26 

95 

0.019 

U/C 

30 

122 

0.010 

3.1* 

H/C 

34 

144 

0.0068 

3.6* 

U/L(50) 

35 

78 

0.042 

3.4* 

H/C 

38 

97 

0.018 

H/C 

40 

122 

0.010 

H/C 

41 

120 

0.011 

H/C 

41 

93 

0.020 

U/L(60) 

44 

84(5) 

0.065 

H/C 

45 

114 

0.012 

H/C 

52 

100 

0.015 

H/C 

55 

80 

0.036 

4.2* 

H/C 

56 

4.7' 

H/C 

58 

106 

0.014 

5.2* 

H/C 

62 

5.3' 

H/C 

64 

87 

0.025 

5.8* 

H/C 

65 

83 

0.030 

A/C 

67 

78 

0.041 

5.8* 

U/C 

69 

92 

0.021 

6.5* 

U/L(70) 

70 

79(5) 

0.093 

H/C 

73 

114 

0.012 

6.7* 

U/L(70) 

75 

8.2* 

U/L(80) 

82 

77  (5) 

0.096 

H/C 

85 

85 

0.030 

U/L(90) 

96 

81  (10) 

0.110 

U/L(100) 

142 

76  (10) 

0.130 

•Grade:  U  -  ungraded;  A  -  ZY A;  B  ■  ZYB;  H  -  ZYH.  Prepa¬ 
ration;  C  ■  desved;  L  >  laser  activated;  power  density  in  MW/cm^ 
listed  in  parentheses.  *r  >  1.0  V/s  unless  indicated  in  parentheses. 

calculated  by  simulatum  with  potential-dependent  a;  all  others 
from  by  method  of  Nicholson.  measured  in  1.0  M  KCl. 

measiued  in  0.1  M  HCIO4. 


TABLEIV:  VaManmaliic  BmuMs  far  Single  IH»«  Basal  Sarfacc 
with  Lmr  Oafact  Daaaity  _ 


r.  V/s 

A£„mV 

**HS.* 

cm/s 

cm/s 

<«0* 

da/d£* 

10 

1238 

4.6 

X 

10-’ 

9.6 

X 

10-* 

0.50 

0.25 

5 

1132 

8.1 

X 

10-’ 

1.1 

X 

10-’ 

0.50 

0.27 

1 

940 

2.4 

X 

KT* 

1.6 

X 

10-’ 

0.49 

0.27 

0.5 

896 

2.5 

X 

10-* 

1.6 

X 

10-’ 

0.50 

0.28 

0.1 

808 

2.6 

X 

10-* 

1.1 

X 

10-* 

0.50 

0.28 

0.05 

755 

3.2 

X 

KT* 

1.1 

X 

10-* 

0.51 

0.29 

•Calculated  by  method  of  Nicholsoo,”  using  D  >  6.3  x  10^  cmVs. 
*Beat  fit  of  experimental  and  sinmlated  vottammagrams  assuming  a 
potential-dependent  a. 


A£p  <■  940  mV  (at  1  V/s),  and  voltammetric  resultt  for  various 
scan  rates  are  listed  in  Table  IV.  Although  there  is  no  doubt 
that  the  large  A£p  indicates  slow  electron-transfer  kmetics,  the 
voltammogmms  on  low-defect  surfaces  clearly  do  nm  exhibit 
clasaical  b^vior. 


The  variatkms  in  lk*,i„  C*^  and  for  thfCerent  HOPG  basal 
plane  surfaces  esuUish  the  importance  of  surface  defeett  in  de¬ 
termining  electrochemical  parameters.  AQDS  is  a  useful  marker 


0.t  0.4  0.0  -0.4 


Pot«ntial  <V) 

ncm  4.  Voltanunogniw  of  Fe(CN),»-/*-  ( 1  M  KCI)  on  three  HOPG 
beiel  pUae  Mufaoei  with  different  dirfect  density.  Mid  lines  ere  ex- 
petiinenttl  in  tU  owes.  (A)  Ouhed  line,  simuhited  for  *  6.1  X  IIT’ 
cm/s.  Of  w  O.Sl,  da/d£  ■  0.30  V'*;  dotted  line,  simnUted  for  k*^  * 
1.2  X  to*’  cffl/s,  a  ■  0.51,  da/d£  *  0.0.  (B)  Dished  line,  siauUud 
for  k*^  •  1 .4  X  l(r»  «tn  s-'.  a,  -  0.30,  da/d£  -  0.30  V-'.  (C)  Duhed 
line  simahited  for  k*^  ■  0.018  cm  s*',  a«  >  0.50,  da/d£  >  0.30.  Sim- 
ultlion  for  da/d£  ■  0.0  is  identicil  to  dashed  line.  Sm  rate  <■  l.O  V/s 
in  all  cases.  Potentials  are  vs  As/AfCl. 


1.2  0.0  0.4  0.0  -0.4  -0.0 

PotantM  (V) 


nfmaS.  Vohammagnms of  Fe(CN)t^^^(l  M  KO)  on  cleaved  HOPG 
at  two  scan  rates  on  a  low  defect  surfeoe.  Solid  line  is  experimental  in 
both  cases.  (A)  10  V/s;  dashed  line  is  sumlated  for  k*^  «  9.6  x  10^ 
cm/s,  os  <■  0.50,  do/df  *  0.25  V'*;  doited  line  is  tame,  except  « 
4.6  X  10-’  cm/t  and  do/d£  -  0.  (B)  0.1  V/t,  duhed  line  is  simulated 
for  ■  1.1  X  10"*  cm/s,  oo  *  0.51,  da/d£  •  0.29  V.  Dotted  line 
is  sinialation  for  ■  2.6  X  10^  cm/s,  og  ~  0.51,  da/dC  w  0.0. 


(pmeioo/em*) 

FlfSK  6.  Ploi  of  differential  capacitance.  C*^  vs  Points  are  laser 

surfaces,  plutu  are  cleaved.  Line  is  least-squares  fit  to  all  poinu. 

for  defect  deaeity,  with  rangiiig  from  near  xero  on  low-defect 
betel  piene  HOK  up  to  roii^y  monoleyer  coverage  on  GC. 
Since  k*^  and  are  all  mndi  higher  on  edge  vs  basal 
plane,  they  should  track  the  edge  plane  dmity  u  indicated  by 
Fg^,.  In  action,  the  observed  should  correlate  with  r,g„ 
since  both  observables  depend  on  edge  plane  density.  In  the 
stmplett  case,  one  might  propose  that  the  electrode  area  covered 
by  adsorbed  Af^ISeqinalB  the  defect  area.  However,  this  proposal 
is  probably  oversimplified  doe  to  the  unkown  mkrotcopic  details 
of  AQDS  adsorption  on  defectt  various  size  and  stope.  For 
now,  it  is  tufficieat  to  oandade  that  increased  Taods  indicates 
a  greater  number  of  edge  plane  defects.  A  variety  defectt  have 
bm  reported  for  HOPG  basal  plane,  including  st^  edges,  misting 
atoms,  atomic  scale  ridges,  and  fittures.^'^  As  suted  earlier, 
Qiang  and  Bard  noted  a  wide  variatioa  in  defect  density  observed 
by  STM,  ranging  from  0.1  to  13  defecu/um^.”  In  soom  cases, 
these  defects  Mve  been  misinterpreted  in  STM  images  u  sdtorbed 
rntdeculcs,  sudi  u  DNA.’^  Ip  lig.Ht  of  the  correlation  between 
r,!,  and  purposely  induced  deiectt  (via  laser  activation  or  the  use 
of  GC),  it  is  very  likely  that  AQDS  adsorption  occurs  on  the 
STM-observaUe  defects  on  HOPG.  (riven  tM  strong  adsorption 
of  AQDS  on  Pt,  Hg,  and  pyrolytic  graphite  reported  Iv  others,"^ 
it  is  not  surprising  that  saturation  coverage  is  achieved  on  GC 
and  laser-damaged  HOPG  at  bulk  concentrations  below  KT’  M. 
The  228  pmol/cm^  '*  saturation  coverage  for  GC  is  higher  than 
that  predicted  on  the  bans  of  molecular  size  for  flat  adsorption 
(132  pmol/cm^.  Either  the  AQDS  is  not  lying  flat,  or  the  GC 
surface  hu  a  roughnesss  factor  of  228/ 132  s  1.7.  Of  course,  the 
roughness  will  depend  on  surface  preparatioii.  but  values  for  GC 
rangiag  from  1.4  to  2.3  have  bm  reported  for  polished  GC 
foOmeing  laser  activatioa'^  While  the  flat  orientation  adsorbed 
AQDS  is  not  estahlishndly  the  current  results,  it  is  the  most  likely, 
and  the  implied  roughness  factor  is  within  the  range  expected. 
In  the  case  of  basal  plane  HOPG,  appraadiet  and  exceeds 
a  theoretical  monolayer  with  laser  activation.'^-*  Asdeduoedfrom 
STM,^  this  indicates  both  defect  formation  and  roughening  by 
the  laser.  However,  the  10*-l(P-fold  increase  in  k*^  accom¬ 
panying  laser  activatioo  cannot  be  due  soley  to  roughening,  and 
the  major  fector  in  laser  activatioo  of  HOPG  is  defect  formation. 

In  order  to  consider  the  effect  of  surface  defects  more  quan¬ 
titatively,  we  should  first  examine  the  result  that  C*,g,  and 
k*^  for  PefCbOs^^**  all  correlate  for  a  series  of  untreated  basal 
plane  surfaces  (TaUe  III)  and  laser-treated  basal  plane  (Table 
I  and  ref  6).  As  noted  earfo  r,i„  C*,^  and  all  track  defea 
density,  and  should  therefore  trace  each  other.  Figure  6  is  a  plot 
of  vs  Fot,  for  both  untreated  and  laser-activated  surfaces. 
Figure  7  shows  k*^  vs  F^  plotted  in  log-log  format  to  cover 
the  wide  range.  Recall  that  each  point  on  Figures  6  and  7  rep¬ 
resents  two  measurements  performed  on  the  some  surface,  largely 
correcting  for  unavoidable  van* '''VI  in  defect  density  from  surface 
to  surface.  The  first  conde  m  these  results  is  simple  but 
important:  the  lowest  value  F^gp  and  k“^  most  ac¬ 

curately  reflect  true  basal  plane  properties.  Since  even  a  small 

(29)  Nicholfaii,  R.  S.:  Sbaia.  I.  Am/.  Citm.  1964.  36.  706. 

(30)  aenuner,  C.  R.;  Bwbe.  T.  F.  5dmcr  1991.  25/.  640. 


AQDS  on  Ordered  Graphite  Electrodca 


log  [r^  (pmotos/cm*)] 


Flpan  7.  Lofarithniie  plot  of  obieived  adiarptkm  of  AQDS,  on 
bi^  HOPG  VI  obMfved  bMcrotmeoiis  eleciroa  rate  coosunt.  of 
1  nM  in  I  M  KCL  Plmei  indicate  cleaved  lurfaces.  pointi 

indicaie  laier  treacmeot.  Line  ia  kaat-aquarei  fit  for  all  poinu. 

defect  deuity  can  have  a  large  effect  on  electrochemical  ob- 
lervabke  (particularly  k*^,  the  true  baial  plane  behavior  will 
be  masked  by  defect  behavior  unleie  the  defect  density  is  low.  In 
the  case  of  capaatanoe.  C*^  was  always  below  1.0  itF/cm’  when 
wu  below  itt  detection  limit,  with  the  lowest  observed  value 
being  0.6  uF/cm^.  Sinoe  the  slope  of  C*.^  vs  is  not  very  steep, 
the  C*«|,  on  a  genuinely  perfect  HOPG  surface  is  not  likely  to 
be  much  lower  than  0.6  nF/cm^.  The  beat  estimate  of  for 
perto  basal  plane  capndtaM  is  the  intercept  of  the  least-squares 
line  in  Figure  6, 0.81  itF/an\  with  an  upper  limit  of  1.0  iiF/cm\ 
Hus  renh  is  lower  than  that  reported  by  Yeager  (3.0  nF/cm'^,*~'** 
due  to  lower  defect  densily  in  the  present  case  or  to  the  difference 
in  the  method  of  measurement.  The  implicatkMU  of  this  low 
capadtance  are  noted  below. 

It  is  not  so  easy  to  deduce  the  true  basal  plane  k*  for  Fe- 
(CN)«*'^*~,  given  the  mndt  stronger  dqiendence  of  on  defect 

density.  Variations  in  near  the  detection  limit  (<  1.0 
pn^/cm^  oonespond  to  large  variationB  in  (102O-1S0O  mV), 
so  it  is  hard  to  determine  for  a  zero-defea  surface.  Suted 
differently,  even  a  few  ppm  of  defectt  (which  would  be  below  the 
detection  limit  for  can  significantly  increase  k*^  so  rnily 
an  upper  hmit  for  k*,ta  on  perfect  bnsal  plane  may  be  determined. 
We  conclude  that  perfect  basal  plane  exhibits  a  . ./  >1500 
mV  at  1.0  V/s.  lendiiv  to  a  of  <  10^  cm/s 

The  second  ohservatiaaavailahle  from  Figurm  6  ait'^ "  'Evolves 
the  fiiactiannl  dqmodenoe  of  ekctrochemkai  variables  on  defect 
density.  On  the  basis  of  the  STM-determined  defect  density  of 
0.1-13  iaar\  defects  are  rarely  more  than  1  lun  apart,  and  are 
themselves  much  less  than  I  mn  in  siae.*-**  At  scan  rates  in  the 
range  of  0.1-10  V/s,  the  defects  will  behave  as  a  random  array 
of  mkroeleftwdei  spaced  much  ctaer  than  (flrV^.  Thissituatian 
has  been  umisidered  by  Amatore  et  aL^'  and  Armstrong  et  al.^ 
far  the  case  of  smaU  active  silea  In  the  case  of  basal  plane  HOPG. 
the  active  sites  are  not  the  oxides  proposed  by  Armstrong  et  aL, 
the  unblocked  surface  assumed  by  Amatore  et  al.,  or  the  active 
redox  sitm  proposed  by  Knwana  et  al.^  for  GC.  but  rather  are 
edge  plane  defectt  exUbiting  much  higher  k*^  than  the  sur¬ 
rounding  undamaged  basal  plane.  When  the  sites  are  close  to 
each  other  oompa^  to  (Dr)'^.  the  surface  will  behave  like  an 
ordiiia^  planar  microelectrode  with  a  smaller  k*^  than  that  of 
the  active  sites.  Stated  differently,  if  diflusioaal  cross  talk  is  rapid 
between  active  and  less  active  surface  regioni,  the  observed  k*,k, 
is  an  average  of  ratt  constants  for  active  and  less  active  areas, 
weighted  by  surface  coverage.^'  Even  the  smallest  k*  observed 
here  for  basal  plane  HOPG  may  be  due  to  very  small  defectt 
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spaced  closer  than  (f>t)'^^.  It  is  useful  to  consider  a  weif  < 
average  of  basal  and  edge  regions  for  detcrmimngelectroche  : 
observabks  as  a  first  approximation.  Such  as  assumptkm  lea 
to  eq  2  for  capadtance,*  where is  the  fractional  area  of  ed 

-  C**^(l  -/J  + 

plane  present  on  the  surface.  For  we  can  assume  that  F 
basal  plane  is  zero,  so 

Foil  *  ( 

Substituting  for/,  in  eq  2  yields 

or 

r,b. 

C*  gbi  ■  C*  I.M,1  +  p  (C*  —  C*  hMSj)  ’ 

1  lU 

Equation  4  predicts  linearity  for  the  plot  of  Figure  6,  with 
mteroept  equal  to  As  noted  earlier,  the  least-squan  I 
for  all  points  of  Hgure  6  yields  an  intercept  of  C*^  > 
iiF/caP. 

For  the  case  of  k*,^  the  analogous  linear  approximat<nr 
inadequate  to  explain  Figure  7.  For  laser-aaivated  sur  : 
covering  a  range  of  r,|,  from  35  to  140  pmoi/cm’  (Table  ! 
slope  of  the  log  k*^  vs  log  r,^,  has  a  slo^  of  1.2,  imply 
pniportionality.  However,  the  slope  of  the  line  for  aU  point: 
Hgure  7  is  1.9,  a  value  inconsistent  with  proportionality  o 
and  r,ti.  Thme  observations  are  consistent  with  a  Ihie 
pendence  of  0*^^  k*mo  oxl  on  the  fractional  coverage 
edge  plane  defects  on  the  basal  surface  for  laser-activated  surfat 
but  tlM  linear  model  fails  for  the  near-perfect  bosal  plan 

Additional  insight  into  the  kinetic  behavior  of  HOPG  su  > 
is  provided  by  the  deviatian  of  vohammagram  shape  on  kw-dei 
surfaces  Cram  that  predicted  by  oonventiaaal  Nkboltan  and  Sh 
theory.  As  shown  in  Figure  4,  peak  widths  and  relative  b  i 
differ  significantty  from  oonvcnbonal  theory  uA£^  increase  1 
distortion  could  origiiiate  in  several  different  aspects  of  the 
periment.  First,  it  could  be  caused  by  some  inhemt  bosal  nl 
property  which  becomes  important  ^y  at  low  defea  dei  t 
whn  e^  plane  contributions  to  kinetics  are  minimizet 
example,  Gerisber^’  and  Randin  and  Yeager^"'*’  concluded  t 
bosal  plane  HOPG  has  a  low  density  of  states  and  a  low  ca 
dtance,  with  both  reaching  a  minimum  at  about  -0.2  V 
urated  cakand  electrode.  Either  effea  could  lead  to  slow  k: 
particularly  near  the  potential  of  zero  charge  (PZC).  Seco 
the  distortiaa  could  be  caused  by  a  potential-dependent  tram 
coefficient  (a)  which  becomes  inqKxiant  as  increas  ■ 
For  large  the  oxidatioa  and  reduction  are  occurring  a  p 
different  potentials,  and  a  nonoonatant  a  is  likely.  Third, 
distortion  may  be  caused  by  sonm  characteristic  of  the  deft 
acting  as  microelectrodcs.  For  the  small  and  infrequent  <  f 
present  on  near-perfect  surfaces,  the  double  layer  may  t  r 
planar,  aiul  unusual  double-layer  effects  may  occur,  pairticul; 
near  tte  PZC.^ 

The  distortxm  occurs  for  any  voitammogram  with  A£p 
mV,  for  which  k*,ta  is  <  0.003  cm/s.  This  k*,^  is  much  i  ^ 
than  the  upper  limit  for  k*^^  (lOH  cm/s),  so  a  voltammogi 
with  >  200-400  mV  hu  negligible  contribution  from  b 
plane.  TnusthedistortioaisunlikBlytobecauaedbyunosi  p 
plane  properties,  since  distortion  occurs  when  the  rate  ' 
contrdled  largely  by  defectt.  The  possibility  of  a  potential 
pendent  a  wu  tested  by  simulating  several  vdtamniograms ' 
an  a  which  depended  hiiearly  on  potential,  acoctdiiig  to  the  I  P 
of  Corrigan  a^  Evans.”  figure  4A  shows  a  simulated  a  |( 
On  ■  0.W  and  da/dE  >  0.25  V'',  u  well  u  the  conventi< 
simulatioa  (da/dE  ■  0).  For  small  AEp  (<200  mV),  inclu 
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of  da/<l£  made  little  diffeieiice  to  wave  shape  (Figure  4C),  but 
it  did  significantly  affect  cunea  for  ACp  >300  mV.  Figures  shows 
experimental  and  simulation  cyclic  valtammograms  for  two  scan 
rates  on  a  low-defect  surface,  demonstrating  a  marked  effect  of 
noaconstant  a  on  the  wave  shape.  The  fiu  of  theory  and 
periment  shown  in  Figures  4A  and  S  and  in  Table  IV  are  quite 
good,  supporting  the  concluaioa  that  a  potential-dependent  a  is 
important  when  is  large.  Theory  and  experiment  agree  less 
well  for  intermediate  A£^  (Figure  4B).  periiaps  becsuse  the  suriaoe 
is  quite  defective  {f,  ~  1-3%)  and  irregular.  Although  these 
obsCTvations  do  not  prove  that  a  potential-dependent  a  is  the  sole 
origin  of  the  distortioo  from  conventional  shape,  they  do  indicate 
that  the  observations  are  consistent  with  a  mmomsunt  a. 

Regardless  of  the  details  of  the  shape  of  the  cyclic  vdtam- 
mograms  on  low-defect  surfaces,  there  is  no  doubt  that  the  ob¬ 
served  kinetics  are  very  slow  for  Fe(CN)t^^^  on  the  basal  plane. 
We  have  reported  similarly  slow  kinetics  and  basal  plaM  for 
dopamine^  and  soiution-phaM  AQDS.^  Sufficient  data  are  not 
yet  available  to  ascertain  tlK  generality  of  sh>w  basal  plane  kinetics, 
and  until  such  data  are  available,  it  would  be  risky  to  speculate 
an  underlying  phenomeon  causing  slow  Idnetia.  The  r^u  on 
AQDS  admrptian,  capadtanoe,  and  Fe(CN)«^/*'  kinetics  reported 
here  esublish  a  means  to  reduce  or  eliminate  contamination  of 
basal  plane  behavior  by  edge  plane  defects.  We  are  currently 
studying  a  wide  range  of  redm  systems  on  low-defect  basal  plane 


surfaoea,  in  order  to  determine  the  phenomena  controlling  the 
electrochemical  behavior  of  the  basal  plane.  The  results  will  be 
reported  separately. 

la  sununary,  ted  for  AQDS  are  controlled 

largely  by  defects  on  baaai!  pim  HOFG.  and  all  three  observables 
vary  greatly  for  differem  surf  aces.  Although  perfect  basal  plane 
has  a  below  1.0  itF/cm*  a  for  Fe(CN)«»-'*-  below  Itr* 
cm/s,  and  negligible  AQDS  adsorptian,  observed  values  are  usually 
higher  due  to  adventitious  or  intentional  defecu.  Since  all  three 
phenomena  depend  on  defect  density,  they  correlate  with  each 
other  provided  they  are  measured  on  the  same  plane  surface.  The 
voltammetry  of  Fe(CN)t^^*'  on  partly  defective  basal  plane  is 
cooaistnit  with  a  potentkU-dependent  tramfer  coefficient,  which 
is  a  major  factor  when  A£p  exceeds  about  SOO  mV  at  I  V/s. 
Finally,  the  reason  for  the  very  slow  kinetics  of  Fe(CN)t^/*~  on 
basal  plane  is  not  yet  clear,  but  is  currently  being  addressed  by 
studying  a  variety  of  redox  systems  on  low-defect  basal  plane 
surfaces. 
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obMiIIoii  of  MgMy  Qpdefed  pffolyilo  ^rai^lMe  {HQPO)  peiiiMtort 
monhwlng  of  MMec  dMM«c  Md  dagtas.  lataradalMCl 
biMiala  In  conocidralad  HoSOb  narite  la  IlMBM 

dan^  lo  Hw  tp*  MMea  li  rMCdcd  hr  Ihn ‘t)*  band  al  ISM 

mddaMna  of  HOPO  bi  M%  HitQo  «r  1  M  NaC10«/CH«CM. 
bdwealallaawaa  obaanudbal  ■eaampaaybulaMlei  daaiapa 
dM  not  oeear  al  Iha  potamWi  oanMad.  Par  1  M  H.M*. 
naStiar  bdarealaSaa  aor  MHea  daaiapa  was  obaarvad  al 
pBlaallaln^laa^VaatSCt.  Par  1 M  H|SO«,  1M  HOO*. 
or  1  M  HNOi.  baafaaar.  bdarnilaSna  ehnf  praeadad  ar 
aceampaidadlaMloa  daiiiapa.  RiaraaMaaraoaaalalaaladft 

CBHipaiaid  <OIC)adilclioaldteaaaSliararalarorMiagrapliSa 
SaaS  to  prodaea  caiboa  oaMaa.  Tha  fomiaHan  of  oaMaa 
dapaada  on  boMi  Ma  SiaraiodpBaade  alabMp  of  ttto  OIC  aad 
lha  bbiaSca  of  intoicalallai^  addeh  bi  baa  oorrolato  adto  Sia 
atam  of  Iha  bdotealalbia  toa 


INTRODUCTION 

Hw  context  of  thia  report  ia  eatabKahad  by  awk  in  throe 
rather  diatinctareea.  Fbat,  the  lattice  dynamka  of  graphite 
and  Ha  intercalation  caaipouada  have  bean  examined  ia  detail 
by  the  aolid-atatepIqraicB  community.*'**  ’IlwRamanqiecta 
of  highly  ordered  pyrolytic  graphite  (HOPG)  and  related 
materiala  are  aenaitive  to  intercalation,  with  changea  in  tha 
El,  mode  at  1582  cm'*  bemg  apparent  during  intercalation 
of  aniona,  catkma,  and  neuteala.  In  thia  context,  'toaging” 
referatotheaucceaoiyainaertiooofionaornautralBbatwaan 
graphite  layera,  auch  that  '‘ataga  V*  retea  to  fiaa  layara  of 
graphite  betwaanendi  layer  ofgraphite,ataga  IV  to  four  layara, 
etc.  An  E^' band  appearo  during  intaccaltoion  at  1610-1640 
cm'*  depending  on  intarealant  identic  and  ataga,  and  thio 
phenon»enonhnibeanattributedto*1>oundary  layer*  graphita 
planeo  adjacent  to  an  intarealant  layer.*  ThaaplitintheE^ 
mode  upon  intercalation  ariaao  primarily  from  changao  in 
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aynuBotry  at  tha  boundary  layer  and  aaoondarily  from 
alactTonir  affaeta  of  tha  intarealant.  In  aome  caaaa,  a 
quantitatiae  maaauie  of  the  intercalation  ataga  ia  availaUa 
from  tha  intanai^  ratio. 

A  aeeond  area  of  intaraat  ia  elactrochaniical  intercalation 
innonaqnaouaaohitiooaoratrongaqoaoaaacida.**'*  Stim¬ 
ulated  by  work  on  intarcalated  battariaa,  gragihite  haa  been 
oaidiaad  and  radnead  in  numaroua  aohranta,  notably  LiVpro- 
pyianecarfacnatoand >90%  Tnoatudiaaareofdiract 

laleeance  to  thio  raport.  Maeda  at  aL*  monitored  Raman 
apeetm  of  carbon  llbero  during  cydie  eoitanunetry  in  96% 
H18O4.  Thay  found  that  0.0-1.4  V  potantial  cyclao  did  not 
diango  the  *D*  (1380<m'*)  and  B^  (1582-cm'*)  modao  of  tha 
fibaia.  Honaear,  a  potent  excuraion  to  •♦■2.3  V  increaaed 
tha  *D*  intanoity,  fromarhich  thay  concluded  that  the  graidiite 
lattice  «aa  damaged  by  intercalation.  “lattice  damage*  ia 
uaad  hare  to  mean  breakup  of  tha  extandad  hexagonal  tp> 
array  of  carbon  atonaa  in  graphitic  planaa  aad  doea  not  refer 
toiataocaktioaparaa.  Tlw*D*baadioaultaframbiaakdoam 
of  tha  k  w  0  aelection  rule  whan  microcryatallita  adgoa  are 
fonnad  ia  the  graphite  lattice.***  A  more  dataOed  Raman 
urtaatigationiaaeundartakmiby  EklundetaLonHOPG  in 
96%  H1SO4.**  Hie  caB  geometry  parmittad  in  aitu  Raman 
apectra  to  be  obtained  eithar  on  the  HOPG  baaal 

plane  or  on  tha  baaal  aurfoce  juat  above  tha  HiSO,  during 
conatant-current  intarcalation.  The  reouha  ahoned  ataging 
with  weU-definad  1682- and  1620-cm'*  Raman  modea.  Sur- 
priaingly,  baaal  aurfoom  exhibited  rapid  dectrodiemical 
intercalation,  implying  that  intercalating  aniona  enter  the 

grain  boundariaa,  or  atop  adgoa.  Hie  expected  route  through 
edgm  did  not  appear  operative,  in  fact  lateral  migration  of 
HSOr  appeared  quite  alow  undo’  tha  oonditiona  enqiloyed 
NiahitoiiietaL”nMnitoreddiangmintheE^niodmohaa^d 
withapatiallyroeolvodRamanapectroacopy  for  the  ram  where 
only  the  o-fiiice  (La.  edge  ^ane)  of  tha  HOPG  wm  in  contact 
withH^o.  Hiaapatial boundary ofRamanapactraldiangm 
programed  away  from  the  H1SO4  aurfoce  m  intercalation 
occurred,  at  a  rate  ediidi  depended  on  impoaed  current 
danaity.  In  contraat  to  Eklu^’a  conduaiono,  Niahitaiii’a 
conditiona  permitted  obaervation  of  intocalant  diffrnum 
along  the  a-axk. 

The  third  background  area  ot  relevance  ia  tha  large 
literature  on  dactrochamical  inetreatment  (ECP)  of  carbon 
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•UetndH  in  mildar  aquwNM  madia,  putkulariy  m  tha  nai* 
IWnpHOto?.*^  nUhnikofalartwamlytical appHcatiima 
of  carboB  alactfodm  occur  m  thia  pH  laaga,  aa  wail  m  tha 
many  aMMinatiniia  of  hatatoganaoiia  aiactem  trta^  and 
aiaetndiamkaily  initiatad  hamotanaoua  laaetiaaa  atmUad 
(»  carbon.  Aa  notad  by  Baaanhard  in  an  oKaHant  laaiaar.** 
tba  raia  of  intarcalatioa  duriac  ECP  of  carbon  in  mildly  aeidk 
or  nautral  aohitjana  m  not  daar.  dua  to  tha  formatian  of 
grapbitaosidaa.  TharadoKpotanlialofgraiihitaintatcalatian 
oompoundaCGICaliabigbar  than  that  for  Oi  or  COifarmation 
in  watar.  ao  tha  GIC  ia  thannodynaBiieally  in 

aipiaoiia  acida.  Hwroaultia  tha  formation  of  tbaOl-dafinad 
alartwnanaratadgraiihitir  niida  (BGO).  PanDaltommMroua 
atiidiao  of  intarealatian.  BCP  baa  baan  uaad  aatananaly  to 
modify  GC  and  HOPG  aurfoeaa,  uaually  for  tha  purpoaa  of 
olactr^tranafor  activatioiL  SiaoaBCPoft«ilaadatolar|a 

IB  h»  fnr  many  «/ 

BCPmachamama  may  land  toeoncfaiaianaaboutwliatcontroio 
A*  at  carbon  aurfoeaa.  BntatroniataL”-**d>aractariwdti>a 
GC  aurfooa  foUowinc  and  that  aurfoca 

oentaminanta  nara  ramovad  by  ECP  and  that  tha  aurfoca 
baooaaaa  hydrophOk.  Kaplay  and  Bard*  uaad  intarforom* 
atry  and  alamantal  analyaia  to  daduea  that  tha  film  had  an 
appiwaimataly  Uratioofoiyiantocarbonandthatitfotmad 
at  a  rata  of  about  46  A  par  potantial  anaap  (0-1.80  V)  in  0.1 
MH]S04.  Our  group  u^  Raman  apactroaoopy  to  conduda 
that  PTP  nf  HfTPfi  in  miH  arid  ranaad  taaalnip  iif  tha  gf  aphita 

in  aiaoban-ttaaafor  rata  aeoampanying  BCP.** 

Tha  nark  laportad  hara  araa  undartakan  to  comidamant 
tha  numarooa  alartrnrhamical  atudiaa  of  BCP  in  mild  acid. 
Rymmultmanualyiiiflmtiimf  Raman  cfiartM  amt  wrelatinii 

currant  during  alactrochanucal  pratraatmaad,  na  aou^  to 
ravaal  microatructural  diangaa  accompanying  tha  alactro. 
chamicalaffoctoofBCP.  Ofparticubrintacoataratharifocta 
of  ■"■««»  idantity  in  miM  aquoouo  awAa 

BZPBBniBNTAL  SBCTION 

A  diagram  of  tha  aqiatnaantal  apparctua  ia  ahonn  in  Figura 
1.  The  dectrochamkal  maaauraoaatrta  non  aQ  paafonnad  with 
a  PAR  173  potantioatat  which  woa  intarfooad  with  a  PC 
cempatibia  ccaaputar  (PC).  The  cuatem  acftwaia  aHowad 
artramaly  alow  cyclic  woltanunograBm  (ca.  1  mV/min).  Slowcy- 
dimwamachiamdbyparfarmmgaaarimofamallpotantitiataiw, 
to  yMd  tha  daaiiad  avaraga  awaap  rate.  A  atandard  thtaa- 
alactroda  ayatam  waa  aoaployad  for  tha  alactrorhamical  mm- 
auraaaaiita.  Iha  call  waa  daaignad  ao  that  tlw  plotanim-plata 
auxiliary  and  tha  aodium  aaturatad  calomel  ale^daa  C8CB) 
ware  aaparatadftom  tha  woridng  alactroda  by  a  ghm  frit  Tha 
wcrkfaig  alactroda  waa  a  piece  cf  HOPG  with  tha  approtiBaata 
dtaMnafonacflatmxgmmxaimaa.  Theatamcfthhaiactroda 
waa  obtainad  prior  to  any  alartrorhamical  aaodification.  Thia 

«manaU«4Tnda»aahnldmplnealiytmn|iii— 

which  ware  fined  in  a  foahfam  auch  that  thqr  formed  a  daiV  to 
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la  OGnvnnB  Of  ■PPWUfo*  AOOfwMnon*. 

(Xaoo,  CCa  dataoiar  PAR  Mnoatoo  Applad  Rooaaroh  potontoamt 
8R  band  rataol  Mar,  kOR  motor  oonkolar  A/D.  ootnpular  marfMa 
anddlglMor. 


hold  tha  tiactrodo.  Tha  work^  alactroda  won  inaertad  into  tha 
glam  can  aueh  that  tha  impinging  laaar  baam  could  enter  tha  cell 
and  arcitathahaaal  plana  region  ofthaaipoaad  HOPG  while  tha 
icattarad  radiation  wao  coUactad  and  foeuaad  on  tha  opactro- 
graphantiancaalit  Both  baaal  and  edge  aurfoeaa  of  the  HOPG 
rampla  ware  aipoaad  to  the  aohitieiL 
Raman  maaauramanta  ware  parformad  on  an  InatrumantaSA 
640  itingia  monoebremator  aqufopad  with  a  300  Una/nun  grating 
oparatiiig  in  aaeond  otdar  with  a  Photomatrica  PM612  diarga- 
eaupladdariea((Xn»dataetac.*  Tha(Xn>waabitarfoeadtoa 
■ac^  PC  to  control  apactral  acquiaitian  and  atom  apactra. 
DMactric  band  reject  intocferonce  filtanF' ware  piaoad  near  tha 
entrance  slit  and  collimating  leno  to  reject  the  Rayirighocattarad 
light  An  argon  ion  laaar  operating  at  614,6  am  waa  uaad  to 
flluminata  tha  oample  with  apprcodmatalylOOmW of  laaar  power 
at  tha  laaar  head.  The  C(n}  detector  waa  cooled  with  liquid 
nitiagen  to  -110  *C.  Tha  CCD  waa  oipoaad  to  the  ocatterad 
light  for  iatagratioD  timaa  varying  from  100  to  600  a.  Tha  Ra¬ 
man  ibifla  ware  calibrated  uaing  a  naan  bulb  bribra  each  oat  d 
maaauramimta.  The  ooftwara  parmittad  automatic  opactral 
acquiaition  at  any  point  in  a  potmtial  acan  or  atap  via  a  trigger 
from  the  doctrodiemical  PC  to  the  CCD  computer.  Thua  the 
opactral  and  current  vo  potantial  raaulta  oo^  be  obtained 
automatically  and  limultanaoualy. 


RESULTS 


Raman  opactral  changm  accompanying  intercalation  in 
oonoantratad  H1SO4  were  ofaaarved  initially,  in  order  to 
diwFartifim  a  weU-bahaved  ayatam  and  to  piovido  baaalina 
data  in  tha  abaenca  of  carbem  oxide  formation.  Aalow-acan 
cydic  voltammogram  for  HOPG  in  96%  H1SO4  io  ahown  in 
Figure  2,  with  tito  potantial  axia  unfoidad  fin  darity.  Tha 
la^  oxidatkm  peak  at  ca  1.2  V  va  SS(S  is  the  ataga  n  to 
■taga  I  tranaitioA  while  the  current  in  tha  0.B-0.9-V  potential 
range  ta  oompoaed  ovarlapiMng  paaki  fin  ataga  V  to  atege 
ntransitionA  Tliwfartoinr)i^ir«li— 
reported  by  Baaanhard  at  aL*^  At  poaitiva  potantiala  the 
HOPG  aampla  expanded  and  turned  Uua  due  to  intercalation 
of  HS04~a^  accompanying  H1SO4.  Since  thia  procam  has 
bean  reported  in  detail  in  the  hteratura,  only  tha  Raman 
laaulte  will  be  diaciiaaed  further  hare. 

ngure  3  ahowa  Raman  apactra  (tf  tha  B^  region  obtained  | 
at  variouapointe  in  tha  oxidation  ican  of  Figure  2.  Whmithe 
potential  rmnained  below  IJi  V,  no  D  band  at  1360  cm'^  waa 
apparentataiqrtiniA  Raman  ahifto  are  alao  plotted  in  Figure  j 
2  fin  tha  E%  and  E^' bands  Note  that  tha  “boundary  la^”  | 
mode  at  ca  1620  cm'*  is  dsariy  viaibla  next  to  tha  Eia  nioda 
fin  the  potential  rai^a  from  0.668  to  0.762  V  va  SSCB.  At 


(37)  Alurnyw.  Y.  W.;  MeCrany,  R  L.  Anal.  Chtm.  INI.  63. 1289  j 
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Potantial  (V  va  SSCC) 

n|Ma2.  Cwrani  and  Raman  aMla  teing  MweaMon  of  HOra  ki 
96K  H,S04.  Tha  scan  nM  waa  1  mV/mki.  THanglaa  Meaia  0ia 
Ea,  band,  aquaraa  and  cMaahidkalaEi,'.  Notaaeanfawariatatl.S 
V. 


Raman  8Mf1  (cm'') 

Hgawt.  R«nnnapaclraafE|,ra^aoqriraddw«ngYaitammalr(c 
acrnibomnowaa.  SlaoamanbamwaradaduoadftamftaEVE*' 
ratio  (Hgwa  4).  InianaHaa  «ara  normalaad  to  maximum  vahiaa  lor 
aachapactun. 

0.960 and  1.009 V.wibratafa  II  iaiwaaantCtwographitalayaia 
attamatmc  with  one  iiitarailaiitia]mr),aoavaiy8raphita]ayar 
taaboundaiylayaraiidaalyaaopaakkofaoorvad.  AAiztte 
i>— naaa  in  Raman  ahift  oocuia  in  tha  tranaitka  frcan  ataga 
ntoL  PiotoafRamanahMYitbainaafaaofthaatagonumbar 
aralinaarlior  both  tha  and  B»'bandB,aanotad^Diaaaal 
haua  and  othaia.14  Flgura  4  ahoma  that  ratio  (rf  the  E%  and 
E^' banda  ia  linaar  with  ataga  nombar,  aa  would  be  aipactad 
if  Ei^'iadarivad  from  boundary  layan.  Although  tha  alopa 
of  thia  line  dapanda  OB  rdatna  cram  aaetioaa  f(»  E^  and  E^' 
anatiTitiy,  niaiw  vahim  of  tho  Htio  indicate  higher  ataga 
numbair.  ThaapaetraafFigura3waranofaialiaadtDp«niit 
aaay  oompariMn,  but  tha  abaohite  intanaily  of  tho  apoctra 
inciamod  during  intarcalatiao  by  a  Caetor  of  28  from  tha  initial 
E^intomity  to  tha  final  En'iutanaity.  Aa  noted  by  Maoda 
lit  aL*  and  at  aL,**  ondation  of  HOPG  or  carbon 

fibaro  abo«a  1.5  V  laade  to  lattioe  damage  indicated  by  the 
'D^band. 

WhOocoiioantrated  HiSOielactrotyteloada  to  well-bahavod 
intwcal^ioa.  it  ia  not  vary  relevant  to  electroanalytkal  and 
ECPeaparimmita.  A  aarim  of  1 M  aquaoua  toactrolytm  waa 
with  hath  vohammatry  and  Raman  anectfoanoov 
■"*«*■*'"*****" “*^**^"”  Hmdioim 
ofelactrolytewaa  dictated  in  part  by  reaiatance  to  oiidation. 
For  Cl*  ia  oiidiaed  at  potantiala  lower  than  that 

required  for  intercalation,  to  HCl  and  KCl  were  not  etudied. 


atage  #  (n) 

B 


Inveree  atage  number 

ngaraA.  (AlE^Eii'Intoqraiad Raman mtanaltyrallovaatoge number 
tram  vu9ananabjf  and  dwrgalmam  ratto.  (B)  Raman 

Iraquanctoa  ptooad  VO  Invaroe  alage  number  tar  Irtorealallon  In  96% 
H18O4. 

Ftom  the  atandpoint  <d  feaaibility  and  previoua  data  from 
the  litarature,  1  M  aohitrana  of  H13O4.  HCIO4.  HNO^  and 
H(P04  in  water  were  eramined,  m  waa  1  M  NaC104  in  ac- 
etooittilo. 

Figure  5  ahowa  a  aknwecan  voltammogram  of  HOPG  in  1 
M  Ha04  with  the  currant  integrated  to  reduce  noioe  and 
atoted  m  a  charge  per  unit  mam  of  HOPG.  Oiidatfam  io 

evident  at  ca. +OJ  V  va  SSCE,  and  large  currmita  are  prearat 
above  1.0  V.  Roman  apoctra  obtained  at  adactedpoteiitiala 
dtiri"gt***”l‘f*4*"—**  *teptrt*‘i'"t^''g'*r*******biiwn  in  Figure 
6.  ThoDbandandadktortadE^'modaaroraadilyapparent 
at  1J»0  V,  and  aome  O  bond  intenaity  ia  viaibla  at  1.439  V. 
FigaraOBahowodiflbrenoeqMctraoftheEwragiooataeveral 

potantiala  relative  to  tha  tp*‘TT'""  oboarved  at  0.600  V. 
Changm  in  the  E|^  band  are  apparent  at  1.118  V,  arfaich 
incnooe  with  potentiaL  Figure  6  indudm  the  Ew'/Ew 
intaiiaily  fottii  nhtaiiiad  limiiltaiieoiiahnrith  thif****ttair”***- 
ricdota.  Due  to  inaccuradm  in  memnring  the  Ew'/Ei,  ratio 
in  Figure  6,  tho  apparent  fluctuationa  in  tha  rotw  may  nm 
bereaL  However,  tho  onaet  and  general  incroaae  in  the  ratio 
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Potantial  (V  v«  S8CE) 

ngwa  S.  E^/Eja'  Rwmn  MMvKy  raSo  (duhad  few)  and  etwfga/ 
mats  rado  (mM  few)  for  fciWrcalWIon  of  a  0.1*  X  2-  x  2.<nm  HQPQ 
■wnpla  ki  96%  Hb804. 

with  potMitial  an  raprodudbla.  FigunaSandSbothiadieata 
that  chaagM  in  the  mode  precede  oheervafale  D  hand 
iateoeity. 

Figuree  7-9  wm  taken  from  poteatioetatic  pntreatmeat 
whan  the  iMtantial  of  iataraet  wae  applied  for  2  mi«,  with 
simuhaaeouaaoquiaitioaofaRamaaapectruai.  Spectrafor 
HOPG  ptatraatad  at  varioui  poteattab  an  ihown  for  three 
elactrolytaa  ia  Figun  7.  The  epeetn  for  1  M  H1SO4  aad  1 
MHNOsanqualitativolyaHyaiaulartothaaeforlMHCK>4. 
Note  that  Hsro4  doaa  not  iatarcalata  to  aa  ofaaervabte  eztaat 
up  to  2.0  V,  while  HNOsi  HCIO4,  and  H1SO4  cauae  obvioue 
intercalatiao  and  lattice  damage  at  1.5-1.7V.  TheD/E^and 
Ew'/E^  intaanty  ratiaa  an  plotted  in  Figuree  8  and  9  for 
potntioatatie  pcotnatmant  in  five  elactrolytea. 

Several  iwafril  ohaervatione  an  available  from  the  reauha 
ahowa  ia  Figuna  5-9.  Pint,  the  natun  of  iatercalati<»  in 
mild  elactrolytaa  ia  atrongly  dependant  on  the  acdvant  and 
aalt  idantitiaa.  H^304.  HCIO4,  and  HNO3  (all  1  M)  an 
qualitativoly  aimilar,  while  NaQOVCHjCN  ahowe  iatoca* 
latkm  but  no  lattioe  damage  (indicated  ^  the  D  band),  and 
HtPOVHiO  ahowe  natther  intercalation  nor  lattioe  damage. 
Second,  the  onaet  potentiala  of  both  intarcalatxm  and  lattice 
damage  d^wnd  atrongly  on  the  electrolyte,  on  the  baaia  of 
the  E^' and  O  intaaattioa  abown  in  Figuna  8  and  9.  Listed 
in  ocdor  of  damaaing  propenaity  to  cauae  changes  in  the  D 
and  E^  bands,  the  1  M  electrolytes  an  HNOs  >  HCIO4  > 
HiS04  >  NaC104/CHiCN  H1PO4.  The  meet  potentials 
for  both  the  E^' and  D  bands  an  lisM  in  Table  L  along  with 
the  intensity  ratios  neched  at  2.00  V. 

DISCUSSION 

Intercalation  and  related  structural  changes  in  HOPG 
depend  on  several  variaUes,  including  site  and  nte  of  initial 
ion  hwartion  between  layen,  maas  tranaport  of  intercalants 
Into  the  bulk  lattice,  thermodynamic  potential  of  various 
atagaa  fijc  dUfatant  intercalanta,  intraplanar  lattice  damage, 
and  caihoo  ondation  to  form  graphitic  oxi^  COi,  etc. 
Although  thaae  facton  have  ben  mitiiw**!  in  significant 
detafl,  the  relative  importance  of  each  effect  in  a  given 
expmimmit  depends  graatly  on  conditiona.  In  addition  to 
revaeiing  stmrtural  diangas  during  intercalation  using  Ra¬ 
man  spactroaoopy.our  purpose  h«e  is  touaaoonditiaaamilar 
to  thM  praeent  in  dw  numooua  apfdicationa  carbon 
elsctrodea  in  analyais  and  synthesia.  Ihe  multichannel  Ra¬ 
man  spectronMtar  used  hare  to  monitor  interealatkm  in  situ 
is  pardcula^valnabla,  since  it  provides  rai^  spectra  in  real 
time,  shnuHanoonaly  with  intercalation. 

Before  turning  to  mod  aqueous  ebetrdytas,  the  reaulta  in 
96%  H1SO4  provide  uaafril  ofaeervatfcma.  This  wHium 
luppremaa  oxide  formation  doe  to  low  water  activity,  ao 
intercalation  can  proceed  to  a  low  stage  index  without 
conqilicatianframddaraactiona.  Ofintaraatistheimraodiato 
(S2  min)  onset  of  Raman  spectral  diangas  to  the  bend 
even  when  the  laaer  beam  is  positiimed  on  the  HOPG  bmal 


surface  far  away  (1mm)  from  edges.  If  interealatinn  ocnmed 
solely  through  the  cut  edge  of  tha  saaspls  (the  *a*  face),  than 
should  be  a  lag  before  the  E^' band  is  obasrved  in  tha  center 
of  the  — As  noted  by  Nishitani  et  aL,**  such  a  delay 
occurs  when  only  the  a-faee  is  immacaed  in  H1SO4.  Inteet, 
a  front  cotroapoodiag  to  a  stage  transition  prograaaae  away 
from  the  HiS04/a-(aoe  junction  as  intarcaiant  difftwea  into 
theaample.  When  the  satin  sample  is  immersed  (as  was  the 
case  hm)  intercalation  is  raind  near  or  far  from  the  e-face 
aad  then  propagates  into  the  sample  intarim.  This  ohser- 
vatioa  is  consistent  with  intmcalant  entry  through  defects 
andcrystalliteboundariasonthebasalsuifacs.  X-raynsults 
indicate  a  microcrystailita  aim  of  ca.  10  am  for  HOPG,”  and 
numsroua  step  edge  defects  an  observed  with  STM.  As¬ 
suming  iatarcalatioo  bagias  at  such  defects,  the  intarcaiant 
naad  only  diffoaa  a  few  mknns  to  completely  intercalate  the 
basal  surfoee.  It  should  be  noted  that  differences  in  imar- 
calation  dynamics  m^  well  result  from  sample-dependent 
parametem  such  as  microcrystallite  aiis  and  long-range  order. 

On  the  basis  of  the  optical  propmtiea  of  HOPG,  the 
cnmbinatiooofbeampenelratioo  and  scattered  photon  escape 
depth  results  in  a  Raman  sampling  depth  of  about  130  A.” 
Intercalatioo  compounds  have  knm  graphite  draaity  and 
different  oi^cal  properties  than  the  initial  HOPG,  ao  one 
might  expert  the  sampling  depth  to  be  greater.  Ontiwbeais 
of  Figures  3  and  4A,  the  cross  section  tat  boundary  layer 
graphite  (E^O  is  about  2.5  times  that  of  the  inner  layer  (E^), 
at  least  for  HSO4' intercalation.  For  example,  the  stage  IV 
GIC  in  Rgure  3  exhibha  a  stronger  E^'  peak  fat  an  equal 
number  of  inner  and  boundary  layers.  Since  intercalation  to 
stage  I  yirtds  a  25-fold  increase  in  scattering  intensity  (for  ' 
E^'  compared  to  unintercalated  E^,  the  Raman  — iwpiiwg 
depth  for  the  stage  I  GIC  must  have  increased  by  a  factor  of 
ca.  10  (to  about  1600  A)  compared  to  unmodified  HOPG. 

Hie  data  of  Figures  2-4  permit  an  aasaasmant  of  stage 
number  from  Raim  frequendee  and  intensities,  provided 
the  scan  rate  (1  mV/min  in  this  case)  is  slow  enough  to  permit 
intercalatkm  to  occur  throughout  the  HOPG  sample.  Since 
equflibration  can  occur,  the  slow-scan  resuHa  should  reflect 
the  thermodynamic  stability  of  differoit  GICs,  provided 
intercalatioo  is  the  only  |»ooaeo  occurring.  Beaenfaaid  and 
FrHx”  and  Rudorff  and  HoAnann”  report  that  the  GIC’s 
formed  in  HCIO4  at  H2SO4  are  more  stable  toward  oxide 
formation  than  that  in  HNOi,  ediich  ia  in  turn  more  stable 
than  that  from  H3P04.  In  other  words,  the  reduction 
potentials  for  HGO4  and  H1SO4  GICs  are  tower  thgn  HNOj 
and  H3PO4  GICs,  and  their  tbnmodynamic  propenaity  to 
form  oxideo  is  lower.  BocketaL^repmtedaquasireveraiUs 
potantial  for  intercalation  of  natural  graphite  flakm  which 
decreased  with  increasing  H1SO4  or  HCIO4  cmicentration.  It 
is  not  surprisiiv  that  intocalatum  is  “easier*  for  more 
ooocMitra^  intercalants,  but  the  relationship  between 
potantial  and  concentration  was  not  Narnstian.  Thus  the 
main  thsRnodynamic  conduaion  availaUs  from  stow-acan 
experimants  in  concentrated  adds  is  that  intercalatkm  occurs 
at  lower  potentials  for  more  copcentrated  adds,  and  the  order 
ofieduction  potential  is  HsP04  3P  HNOs  >  Hi^4  »  HCIO4. 
Since  oxide  formation  ia  thttmodynamical^  unfavorable  in 
concentrated  adds  and  sinoe  intncalatioo  is  permitted  to 
reecb  equilibrium  due  to  the  slow-scan  rate,  the  Raman  results 
reflect  the  wder  of  reduction  potentials  of  the  reepective 
GICs.  j 

Conduaions  about  intarcalation  and  lattice  damage  in  mild 
aqueous  adds  are  beet  divided  into  qualitative  obeervations 
different  intmcalants  and  more  quantitative 
isauea  regarding  onaet  potentials  and  intarcalrtion  rates. 

(38) B«aBhaid.J.O.;Frits,J.P.2.Anory.AUf.CA«iii.l9TI.416,106.  , 

(39)  RuderfL  W.;  HdfaMiiii,  U.  Z.  Aiiorr.  Adr.  CA«m.  IMS.  938. 49. 

(40)  Back,  F.;  Junte,  H.;  Kiolm,  H.  Eltctroehim.  Aeta  IMl,  28, 799.  j 
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Raman  SMft  <am'*>  Rmmmi  Shift  (am*'> 

npM  SL  (A)  Rarnsn  apscSa  of  HOPQ  abMkiod  Artio  s  stow  aean  from  O.SO  V  to  vwtoua  pimn—li  In  1  M  HCI04.  (B)  OMtaronoo  tpaeira  of 
tho  Ek  rogton.  roformicod  to  O.SOO  V.  IntomMoo  of  boSi  ooto  of  apoOa  won  adMtod  tar  cowtoOftaon  but  vaitad  only  ali^Shr  from  run  to  nr. 


1  M  HCIO^ 
(aqueous) 


1  M  H,PO^ 
(aqueous) 


1  M  NaCIO, 
(CH.CN) 


npm  7.  Roman  utactai  of  HOPQ  altar  potanSil  atapa  laataig  2  mta  Pom  0.500  V  to  tow  potanMola  In  1  M  HCIO«,  1  M  H3P04.  and  1  M 
NnCX)4/CHtCN.  Baoataa  notao  In  tw  OVN  oaaa  was  dua  to  suMacatan  of  aotaam  bonds. 


Rtfaring  to  Figura  7,  aaraial  quaUtativa  ooncluaitHM  an 
availabia.  Rnt,  lattioa  damago  as  indkatod  by  tho  D  band 
wasahnyapncadadoraomnipaniadbynitarcalation.  Inno 
caao  did  teaakiip  of  tha  ap>  latto  occur  without  avideiica  of 
accompanying  intarcalation.  Of  particular  nota  ia  1  M 
H^PO*  whan  natthariatatcalatian  nor  lattioedamagaoccoiTad 
at  potantiala  up  to  and  induding  2.00  V  va  88CE.  Sacond. 
it  waa  poaoibio  to  intarcalata  without  lattico  damaga,  in  tha 
caao  of  NaClO^/CHsCN  or  96%  H1SO4.  Tlius  intwrodatiaa 
par  aa  doao  not  causa  lattioo  damaga,  but  lathor  an  aaaodatad 
or  subsoqimt  ptocam.  Third,  ia  all  eoaao  atudiad  lAna 
intarcalation  occurrod  in  mild  aqueous  adds  (1  M  HNOs,  1 
M  HCIO4,  1  M  HaS04),  lattioe  damaga  rosuhad.  Tlioaa 
qualitativaconcluaionaindicataaaaquancaofavantainwhiA 
intwcalation  occurs  if  favoraUa;  then  tha  intarcalaticm 
compound  undargoaa  chemical  laactiona  i^i-g  to  lattua 
danugaundv  certain  conditions.  InCHaCNor96%  H^SO^ 
the  intmcalation  compound  is  staUa  toward  these  chemical 
nactiona  so  damage  does  not  occur,  and  in  1  M  H3P04, 
intarcalation  and  any  sub^uant  lattice  damage  wan  not 
obaarved.  The  ovidimca  indicataa  that  the  intarcalatimi 
oompoundsformadia  mild  aqueous  adds  rapidly  fenmoxidaa, 
a  process  which  genentes  enough  strain  to  rosult  in  lattice 


damaga  and  awmannee  of  the  *D”  band. 

Aithou|d>  txatad  on  different  evidence  obtained  in  diffennt 

imHU  ■  nw  mterraUtinn  fnllnwd  hy  lattice 

damage  and  ozida  formatum  was  oonduded  by  Beaanbard  et 
aL**  and  Beck  et  aL*  for  mild  aqueous  adds.  Aa  the  add 
strength  daeteaaaa,  tha  reduction  potential  for  intercalation 
incrcoasa,  in  soma  cases  linearly.  Thus  weaker  adds  lead  to 
ahighar  potential  for  formation  of  intercalation  compounds. 
Furthannoce,  CO,  COi,  Oi,  and  graphita  ozida  formation  occur 
stiowarpotantialaaethaacidconcentratkmdecreMaa.  Thus 
solely  on  tharmodynamic  grounds,  the  potential  for  inter¬ 
calation  wiDbacoma  more  positive  than  tha  potential  for  ozide 
formation  as  the  acid  strength  is  decreaaad,  Hu  spectral 
data  of  Hgure  7  indkata  that  although  tha  intarnlatkn 
compound  is  unstaUa  in  1 M  HNOs,  HCIO4,  w  H1SO4,  it  does 
form  hafosa  or  aimultaaaouaty  srith  lattice  damage.  Con- 
vessdy,  without  intarcalation  (aa  in  1  M  HaPOs),  no  lattice 
damage  is  ohaarved  evmi  at  high  potentials.  This  mecha¬ 
nism  is  elm*  conaistant  with  that  proposed  earlier,  in  iHiich 
ozida  formation  on  carhon  edges  creates  strain  ^lidi  results 
in  lattios  damage.**  3ucha|»ocemtaalaoconaiatent  with  the 
nudsation  and  growth  mechanism  condudod  frmn  STM** 
PawMii  rthaaxfHtms  Tha  rssulta  presented 
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(V  VS  SSCE) 

nipsit  E^'/E^kSiVaMdlnlMityrMlotarHOrainflMSlsoMylM: 
Triwigiss.  IMOi:  rtrciss.  HCIO*  ■qumm.  NbCI04/C»W0N;  InvMd 
Vlsng<s4.  HfSQ4:  dMiwMs.  H^4.  Spsofea  wsra  soqubsd  dwtag 
MCOSSSNspOlBlSlBlsMpdlO^f^  AlSlSCSSlylBOOflOSnlfSSOSS  WSfS 
1  M  In  wslv,  MOMt  lor  1  M  NBCIO4  hi  OVCN. 


Wg—  6.  IiMgmM  0/E«  hS—Sy  lor  6m  ilsctslyiM.  oSwfwlM 
umsMFIgwsS. 


TsMs  L  Bsmsb  FSsk  IstwMity  latiM  afUr  WCP  la  1  M 
BaetrrtnM 


D/Ek 

g^aZOO 

V 

V 

Obsad 

aaHLpaCsa- 

till 

&7D 

H^4/HfO 

066 

071 

1P6 

lP-1.1 

HCMVHiO 

IP 

IP 

IPO 

OP-IP 

HN(VHfO 

0P3(1P6V) 

096(1P6V) 

IPS 

Ll-U 

HaP04/H«0 

0026 

0077 

>1P0 

NaCK)4/CH|CN  aoo 

IPS 

- 

- 

■  A  danh  indicatw  that  no  band  was  obaarvad.  *  Volta  aa  SSCK. 


ban  add  to  tiiaaa  pfsvioualy  raportad  machaiunis  tbs  MW 
informatuMi  tliat  intarcalatiaB  of  HOPG  alwaya  pracadaa 
lattica  damags  and  piasumably  ozids  fonnation. 

ThsquantitatmaMMCtiofiBtaicaktiaoaDdlattioadaiBafa 
rovaalfurtharfactora  which  control  tha  pro  caaa  Onthaba^ 
of  tba  oust  of  Uis  E^'  and  D  bands  noUd  in  Flguraa  8  and 
7  and  Tahir  f  1  Tif  TfMfTi  ii  ■  mnrn  atpaaiii  11  **»»" 

the  other  dilute  acida  studied.  On  the  baaia  of  lattica  damage 


TaUelL  ■adtt  ef  Seleited  Aaiene 

Mkm  kwk 

radius  (pm) 

hydrated  radiin  (pm)* 

C»4- 

186 

360 

scii*- 

238 

400 

NO,- 

330 

300 

PO^ 

238 

400 

HP04>- 

400 

H,P04- 

460 

*  Debye  Huekal  ion 

i - 

rias  parameter." 

>  HaO«  >  H18O4  »  HsPO*.  AHhougfa  HQO^  baa  baa . 
raportad  to  ba  tbs  thumodynamkally  moat  favonabia  inter 
caiantof  the  graup,*  HNO^  ahows  intaicalatioa  and  iattic.. 
damage  at  loanr  potentiab  in  mild  madia.  Appaiantly,  a 
Hnerir  factor  is  urndvad  for  conditiona  other  than  a  var 
alow  acan  rata.  Since  carbon  oxuto  formation  aocompanie 
intarcalatioB  in  mQd  adds,  the  rata  of  intmcalation  r^tive 
to  oaida  formation  may  be  important  and  a  tharmodynamic 
limit  may  never  ba  reached.  HCIO4  may  be  thermodynaic 
ically  fimtad  to  ranch  a  particular  stage  number  at  a  kmr 
potential  than  HNOi,  but  tba  more  rapid  kinetica  of  NO3' 
intercalation  lead  to  both  E^'  intmidty  and  lattice  damage 
at  potentiala  lower  than  predicted  on  s^y  tbrnmodynami 
grounds. 

Tlw  knic  and  hydrated  radii  for  the  anions  studied  are 
liatad  in  Table  n.  Intercalation  has  been  observed  for  both 
aolvatadandiineolvatad  anions,**  and  the  datapreeentedhe' 
do  not  indicate  which  occurs  in  dilute  adds.  However,  fi 
the  mnetnanione  coneamed,  the  onaat  potential  tat  lattice 
damage  is  lower  for  smaller  ionic  or  hydrated  radii  No* 
surprisingly,  the  smaller  ions  are  mme  aggressive  towai 
intarcalatkm. 

ConduHoce  about  intercalation  baaed  on  HOPG  in  mild 
^rdd  should  ap^y  to  carbon  materials  with  oomparaUe  di 
sparing  (3J6  A)  such  as  pyrolytic  graphite,  spactraecop 
graphite  rods,  and  many  vapor-depodted  carbon  films.  Thitoc 
materials  are  leas  ordered  than  HOPG,  and  their  higher 
density  of  graphitic  edges  may  accelerate  oiide  fotmati( 
ralativa  to  intercalation,  poedMy  leading  to  lower  senritivi 
to  ankm  identity.  As  dm  increasee,  intercalation  behavior 
maydiffer.  Of  particular  intereet  is  giaesy  carbon  with  a  doo? 
ofca.  3.6  A  and  much  less  nu'cTorrystalline  order  than  HOP 
GC  intercalation,  if  it  occurs  at  all,  has  not  been  studied 
detail,  and  GC  is  not  as  amenable  to  the  Raman  technique 

uBedherebecauBetheEie*6°<^^^>*°'^**”°P*^'***^*— 

The  absence  of  detectable  sulfur  in  graphite  oaide  fonn< 
during  ECP  of  GC  in  0.1  M  HjS04*  impliea  either  tl 
intercalation  of  HS04~  into  GC  does  not  occur  or  that  HS04~ 
is  lost  upon  lattice  damage  and  oiide  formatum. 

bauiBmary,  the  behavior  of  HOPG  upon  oxklation  in  ra; 
aqueous  acids  is  strongly  dependmit  on  the  identity  of  t  ■ 
anion.  IfintercalatimidMnotoocuriasfor  lMH3ro4).no 
changes  in  the  HOPG  were  observed.  If  intercalation  dr" 
occur,  the  process  mi^t  bo  reversible  with  no  damage  tot  ■ 
^  lattice  (as  with  NaC104/CH«CN  or  96%  H1SO4). 
intercalation  occurs  and  oiide  fmmatian  is  thermodynam¬ 
ically  favoraUa,  lattice  damage  occurs  (e^i.  1  M  HCIC 
H^B04,  or  HNOy.  Oiido  formation  is  a  functkm  of  br 
thermodynamic  awl  kinetic  effects,  and  the  rate  of  interu, 
lation  and  subsequent  lattice  damage  appears  to  be  highei 
for  intoicolskuic 
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Effects  of  Redox  System  Structure  on  Electron-Transfer 
Kinetics  at  Ordered  Graphite  and  Glassy  Carbon  Electrodes 
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The  basal  plane  of  MgMy  ordered  pyrolytic  graphNe  (HOM) 
serpoo  as  an  ordered  model  of  niore  commonly  used  olectrodo 
swfaees  such  as  glaaey  carbon  (QC)  and  pyralylle  grapMlo. 
The  defect  density  on  the  basal  plans  HOPG  was  reduced  by 
careful  deavino  and  col  doolan  and  was  verified  to  be  lew 
by  requiring  that  for  Pe(CN),*-'«-  (1  M  KO)  be  greater 
than  700  mV  for  a  0^  V/s  scan  rats.  Thonavarloly  of  redox 
syotomo  were  oxamlnod  on  “vaMatod"  HOM  aurfaoaa.  and 

wSfisoQiw  ffi  me  eMcsifpfi  tiBiHiee  rme  coiHiemi  p  wme 

obaorvsd.  Al  13  redox  oyatomo  oxMbBod  retadvoly  fast 
Mnollea  on  laser  aellvalad  QC  (A*  >  0.03  an/a  for  olgM 
biorganle  sytlams),  and  hi  several  caass  A*  csussdsd  tba 
tnotrumontallmlL  On  HOM,  however,  Ad^  varied  grostiy  for 
the  13  systems,  ranging  from  00  to  >1200  mV.  Tha  reaaons 
tor  tMs  vertelion  tel  bilo  three  ^enerel  deetMcettOfitn  FIreig 
reedleiie  InvelvInQ  pcelOA  frenefer  (9s0n  eelechele)  were  el 
alow  on  HOPQ,  Anplybig  soma  rola  of  the  ourfaca  In  msdMIng 
fiiulllileo  ereeeeeeea  teeond.  the  ebeecved  rete  cocreteted 
enRso  me  exegienee  seie  ooc  iio^ROeeneOwie  eve^Mseoi  eoeai^eeog 
but  the  hataroganaous  ralas  on  HOPQ  wore  3-0  ordsrt  of 
magnlbido  stewsr  then  thel  pcedteted  frem  elmple  liercue 

mee^fs  iiHniime|m|feKeiprepefweeOTri%^^BieHGiieemRVBy 

of  electronic  states  and  hyitrophoblfiOy,  may  dspressA^  rotative 
to  QC  and  mslals. 


INTRODUCTION 

Due  in  part  to  the  widespread  use  of  carbon  electrodes  in 
electroanalyeis  and  electroeynthesie,  a  large  reaearidi  effort 
has  been  invested  in  understanding  heterogeneous  electron 
transfer  at  carbon  surfaces.  Such  investigations  have  dealt 
with  effects  of  surface  structure  and  pretreatment  on  elec- 
trochemical  behavior  for  a  variety  of  sp^  carbon  materials, 
including  pyrolytic  graphite,  carbon  pasts,  glsssy  carbon  (GC), 
carbon  f3m  and  hi^ily  ordered  pyrolytic  graphite  (HOPG).>~* 
The  ultimate  goal  of  electrode  kinetic  studiesof  such  materials 
is  elucidation  of  structure/reactivity  relatiomihipe  for  carbon 
surfaces,  with  a  specific  goal  of  controlling  electron'transfer 
rates.  Achievement  of  these  goals  has  been  frustrated, 
however,  by  the  complex  nature  of  the  carbon/ solution 
interface  caused  by  variability  in  surface  history,  particularly 
cleanliness,  rouglmeas,  and  the  extent  of  oxide  formation. 
Work  in  our  lab  and  several  others  has  demonstrated  that 
reproducible  kinetics  are  observable  on  GC  with  sufficient 
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attention  to  surface  history In  some  cases,  large  changes 
in  rate  constants  for  benchmark  redox  systenu  can  be  effected 
reliably  through  laser  activation,*-**’  heat  treatments,*-^  ul¬ 
traclean  polishing,*  and  electrochemical  pretreatment’*'’* 
However,  since  the  structure  of  the  carbon/solution  interface 
after  these  procedures  is  ill-defined  at  the  atomic  level,  it  is 
currently  difficult  to  deduce  the  structural  factors  which 
control  electrode  kinetiGS  at  the  molecular  level  Without  a 
structurally  well  defined  carbon  surface,  a  rationale  for  how 
rates  vary  for  different  redox  systems  will  be  hard  to  formulate. 
Stated  differently,  structure/reactivity  relationships  derived 
from  an  incompletely  characterized  carbon  surface  will  be 
ambiguous. 

Ideally,  one  would  like  to  survey  a  range  of  redox  systems 
on  an  atomically  well  defined  carbon  surface.  The  basal  plane 
of  highly  orde^  pyrolytic  graphite  (HOPG)  has  potential 
for  such  correlationa  bmuse  ^  its  well-defined  structure 
and  relative  lack  of  surface  impurities.  HOPG  was  first  used 
as  an  electrode  by  Yeager  et  al,’’’'’*  and  more  recent  work  has 
demonstrated  a  large  edge/basal  plane  rate  anisotropy  for 
several  redox  systems,  with  large  voltammetric  peak  sepa¬ 
rations  for  Fe(CN)«*'/*'  and  dopamine  at  the  basal  plane  and 
near-reversible  voltammetry  at  the  edge  plane.’-**-*’  HOPG 
has  also  been  used  as  a  substrate  for  the  spectroecopy  of 
adsorbates,**  and  its  unusual  adsorption  properties  and 
capacitance  have  been  described.**  It  has  not  always  been 
possible,  however,  to  study  heterogeneous  electron-transfer 
kinetics  at  basal  plane  HOPG  for  a  wide  range  of  systems 
because  of  several  experimental  problems.  Recently  we  have 
shown  the  itnminwtiny  role  of  e^e  plane  defects  in  various 
electrochemical  proceseee.  HOPG  surfaces  yield  a  wide  range 
of  results  of  Fe(CN)6*'^*~  kinetics,  2,6-anthraquinonedi- 
sulfonate  (AQDS)  adsorption,  and  differential  capacitance. 
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d«p«nding  on  aurftce  defect  dentity.^  Capacitance  ranging 
from  0.6  to  6.5  itF/cm^,  AQDS  a^rption  from  <1.0  to  85 
pmoi/cm^  and  haterogeiwoua  electron  tianafer  rate  conatenta 
for  Fo(CN)a^/^  from  8  x  10*’  to  0.041  emit  were  obtained 
depending  on  the  defect  denaity  of  the  aurface.i*  It  is  clear, 
therefore,  that  without  careful  control  of  aurface  defecta, 
highly  variable  rate  conatanta  can  be  obtained  on  the  HOPG 
basal  plane,  impeding  attempts  to  understand  structure/ 
reactivity  relationshipa. 

With  an  appreciation  of  the  influence  of  defecta  on  the 
electrochemic^  behavior  of  HOPG,  it  ia  poaaible  to  prepare 
low-defect  baaal  surfaces  which  more  accurately  reflect  the 
kinetics  of  the  perfect,  ordered  surface.  In  the  approach  used 
here,  we  flrat  v^dated  a  given  HOPG  baaal  surface  by  noting 
a  very  low  k®  for  FeiCN)#*"/**.  Since  FafCNla*"^^  1ms  *  W«h 
ratio  of  edge  to  baaal  rates,  a  alow  rate  indicates  minimal 
defect  denaity.  Thisaameaurfacewaathenuaedtodetarmine 
the  rates  for  a  variety  of  redox  systems.  Since  the  kinetic 
results  were  obtained  on  validated,  low-defect  surfaces,  the 
surface-to4urface  variability  was  greatly  reduced  and  the  rate 
comparisons  were  made  on  structurally  better  defined  sur¬ 
faces. 

Heterogeneous  electron  transfer  rates  for  13  redox  systems 
were  determined  at  validated  basal  plane  HOPG.  high-defect 
denaity  HOPG,  and  glassy  carbon  (GC).  The  results  were 
used  to  assess  the  generality  of  the  large  edge/baaal  rate 
anisotropy  and  to  infer  structural  variables  affecting  electrode 
kinetics  at  carbon  electrodes. 

E2PEBIMENTAL  SECTION 

To  minimise  unintentional  defects  as  well  as  air  and  solution 
exposure  time,  HOPG  experiments  were  run  in  an  inverted  drop 
‘cell*  as  teptMTted  earlier.**  Ungraded  HOPG  (gift  from  Arthur 
Moore,  Union  Carbide)  was  cleaved  either  with  ordinary  ‘scotch’ 
tape  or  with  an  Exacto  knife  blade  edge.  Best  results  were 
obtained  when  a  thick  (ca.  S-mm)  piece  of  HOPG  was  cut 
perpendicular  to  the  basal  plane  with  a  knife  blade  and  the  piece 
delaminated  spontaneously.  The  cleaved  piece  was  placed  onto 
a  conductive  metal  plate  with  graphite/Nujol  paste  serving  to 
ensure  good  electri^  contact  A  drop  of  solution  was  placed 
onto  the  reference/auxiliary  electrode  couple  which  was  then 
lowered  onto  a  visually  defect-free  surface  giving  an  effective 
electrode  area  of  approximataly  0.1  cm*,  as  determined  by 
FefCN)***/**  chronoamperometry.  The  acronym  HOPG  is  used 
henceforth  to  refer  to  tba  basal  plane  of  low-defect  HOPG  unless 
noted  otherwise. 

In  order  toevaluate  the  relative  defect  denaity  of  freshly  cleaved 
baaal  plane  surfscee,  voltanunograma  of  1  mM  K^FelCN)*  or  1 
mM  KjFe(CN)(  were  obtained,  in  ail  cases  in  1  M  KCi  with  the 
inverted  drop  c^  Overall,  the  peak  separation  for  FeiCN)!**^** 
at  0.2  V/s  exhibited  an  average  of  459  mV  with  a  standard 
deviation  of  331  mV  and  a  range  of  58-1200  mV.  The  large 
variability  of  tat  Fe<CN)t*-/**  on  HOPG  indicates  a  large 
variation  in  adventitious  defect  density.  In  order  to  reduce  tl^ 
kinetic  variability,  a  new  surface  was  first  validated  with 
FeiCay-f*'  by  requiring  that  be  greater  th«n  700  mV.  After 
observing  a  >700  mV,  the  dr^  at  Fo(CN)«*'/**  solution  was 
replaced  with  <me  of  the  redox  system  of  interest,  taking  care  to 
cover  the  same  spot  on  the  surface.  It  was  noted  that  relatively 
thick  (ca.  5-mm)  pieces  HOPG  yielded  a  higher  ‘succees  rate* 
presumably  due  to  greater  mechanical  rigidity.  For  the  slower 
redox  systems  (A£p  >600  mV  for  basal  plane)  it  was  noted  that 
the  order  of  exposure  to  the  test  solution  and  Fe(CN)«*'^*' affected 
ACp,  with  A£p  increasing  with  air  exposure  or  solution  changes. 
The  order  of  validation  and  test  solutions  was  routinely  reversed 
to  check  the  effect  (m  A£p  for  the  test  systems.  In  all  casse.  the 
voltammetry  for  FeiCNIp**/**  and  the  test  redos  system  were 
completed  within  1  min  after  the  HOPG  was  cleav^. 


(24)  RobiMon,  R.  S.;  Stemitike.  K.;  MeOennott,  M.  T.;  McCrmry,  R. 
L.  J.  EUctrochtm.  Soe.  IMI,  IX,  2484. 


The  following  redox  systems  (all  in  1  M  KCI  unless  no 
otheiwiae)  were  used  and  are  numbered  here  for  tefermice  in 
figures:  1,  0.25  mM  potassium  hexachloroiridatedV)  (Aldrich 
(Chemical  Ca);  2,  1  mM  hMammiiMnitheniiimilll)  chloride 
(Strem  Chamkais);  3, 2  mM  trisd.lO-pbsnanthtolineicobalt 
chloride  (from  2  mM  cobalt  chloride  hexabydrate  (reagent  grr 
J.  T.  Baker  Chemical  Co.)  and  6  mM  1,10-phenanthraline  (reageni 
grade,  J.  T.  Baker  Chmnical  Co.));  4,  I  mM  methyl  viotogec 
(MV**'“)  (Sigma);  S,  2  mM  tris(l,10.phenanthroline)ironi  < 
(from  2  mM  ferrous  ammonium  sulfate  (reagent  grade,  J 
Baker)  and  6  mM  1.10-phenanthroline);  I,  1  mM  potassiui.: 
ferrocyanide  (J.  T.  Baker);  7, 10  mM  tris(etbylenadiamine)cobalt 
(in)  cfalmide  (Johnson  l^tthey)  -*■  approximately  5  mM  esc  e 
ethylenediamine  (reagent  grade,  J.  T.  Baker);  8,  1  mM  t 
(athyliMtiMmiMlnithniimirn)  ffhlnriHe  (Johnson  Matthev  .. 
0.2  M  HCIO4.  HCIO4  was  u^  in  the  case  of  Rulen)]**^**  U 
avoid  degradittion  by  air.** 

Quinone  systems  included:  9, 1  mM  AQDS  (Aldrich)  in  0.1  ! 
HiSO«;  10,  ImM  dopamine  (Al^ch)  in  0.1  MHtS04;  11, 1  n. 
4-methykatecfa<d  (Aldrich)  in  0.1  M  H1SO4;  12, 1  mM  dihydroxy 
phenylacetic  add  (DOPAC,  Aldrich)  in  0.2  M  HCIO4, 
6-hydroxydopamine  (Sigma)  in  pH  7  phosphate  buffer  and  1  I 
KCL  All  solutions  were  prepared  daily  with  distilled  Nanopt 
water  (Bamstead)  and  (legassed  with  argon. 

For  inverted  drop  experiments,  either  a  silver  wire  quea'- 
reference  electrode  (QBE)  or  a  Ag/AgCl  (3  M  NaCl)  eledn 
with  a  capillary  salt  bridge  was  used.  The  potential  of  the  Q 
was  typically  0  to  -5  mV  vs  SSCE,  but  in  all  cases  only  AEp  was 
determined  when  the  QBE  was  used,  so  an  absolute  potentia. 
waa  not  required.  Beference  electrodes  for  GC  experiments  w 
either  Ag/ AgCl  or  sodium-saturated  calomel  (SSCE),  but  all  I 
values  are  reported  relative  to  the  SSCE.  Laser  irradiation  (o<. 
MW/cm*)  of  HOPG  was  conducted  either  in  situ  as  deacribed 
previously**^*  or  ex  situ  with  inunediate  replacement  of  soluti 
Ex  situ  experiments  were  run  by  directing  the  lasw  beam  throi 
two  right-angle  prisms  onto  an  inverted  drop  ‘cell*.  SoluWi 
was  removed  prior  to  and  replaced  immediately  following 
irradiation.  Gliwy  carbon  electrodes  (wiUi  areas  of  (2-5)  x  l 
cm*)  were  prepared  as  described  previously*  from  a  (^-20  pL  f 
(Tokai)  and  embedded  in  epoxy  (Eccobt^  56,  Emerson  a  -  . 
Cuming,  Inc.)  The  GC  electrodes  were  polished  conventionally 
and  laser-irradiated  (25  MW/cm*)  in  solution  as  descrih..H 
previously.' 

For  scan  rates  of  0.2-20  V/s,  linear  sweep  voltammetry  < 
performed  with  a  computer-triggered  function  generator  (Tek¬ 
tronix)  and  ‘Labmaster*  A/D  converter.  For  faster  scans,  dsM 
were  collected  with  a  digital  oscilloscope  (Lecroy  9400A),  w  : 
triggering  and  data  transfer  accomplished  via  locally  writi  1 
software.  A  conventional  three-electi^epotentiostat  (Advanced 
Idea  Mechanics,  Columbus,  OH)  waa  used  for  all  voltammetrv. 
with  the  BC  filter  value  maintained  such  that  BCns  <  4  m\ 

GC  voltammetry  was  performed  with  scan  rates  of  0.2- 
V/s,  and  rate  constants  were  calculated  using  the  method  of 
Nicholson.**  In  several  cases,  the  GC  rate  constants  were 
sufficiently  large  that  the  AE,  approached  the  reversible  lii 
of  57/n  mV.  For  these  cases,  the  rate  constant  evaluated  fr<  1 
AEp  was  a  lower  limit  In  no  case  was  AEpfmr  laser-activated  GC 
greater  than  150  mV.  For  validated  HOPG,  large  AEp  values 
bring  into  question  the  assumptions  of  constant  transfer  co 
ficient  (a)  underlying  Nicholas’s  approach,  so  rate  constai  > 
were  mlculated  both  frmn  and  by  the  approach  of  Corrig^ 

and  Evans.**  Experimental  vohamTnofrains  were  compared  with 
those  simulated  with  potential-dependent  a.  Unless  not  1 
otherwise,  all  HOPG  rate  constants  were  determined  from  *  a 
best  fit  to  simulated  voltammograms  with  potential-dependt— 
a.  ForGC,A£pwassufficientlyamallthatapotential-dependent 
a  was  unnecessary  for  an  accurate  simulstis  and  rate  constar.u 
determined  from  simulations  equaled  those  calculated  with  t  } 
Nicholson  approach.  The  experimentally  determined  rate  cc  1 
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EUctrochtm.  1980, 106,  287.  , 
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ngiMl.  Vattaimwtty  at  vaMMd  bual  ptaM  Hora  tar  (A)  2  mM 
Co(phan),»-'**.  1  M  KQ;  (B)  0.2S  mM  IrCI|*-^.  1  M  KO;  and  at  Ng^- 
datact  danatly  HOPQ  tar  (C)  C(i(phan)t^'**:  (D)  IrCI«’~^-  Scan  rata 
>  0.2  V/a.  Polantlata  ara  va  Ag  ORE. 

stants  for  laaer-activated  GC  are  denoted  kcc^,  the  experimental 
rate  constant!  for  validated  basal  plane  HOPG  determined  ftom 
comparison  to  simulation  are  Ab",  and  those  for  laser  activated 
HOPG  are  kij^.  The  small  background  currents  for  HOPG 
voltammograms  were  not  subtracted  before  plotting  or  analyais. 

Diffusion  coefficients  for  solutions  listed  above  were  deter¬ 
mined  by  chronoamperometry  with  a  GC  electrode  of  known 
area.  A  5-s  time  scale  was  used,  and  background  subtraction  was 
utilised.  For  methyl  viologen  and  Ru(en)]’'^^*^,  chronoampero- 
metric  response  was  slightly  nonideal,  apparently  due  to  ad¬ 
sorption,  and  D„  was  assumed  to  equal  S  x  10~*  cmVs.  £i/i’s  for 
each  system  were  determined  as  the  average  of  the  oxidation  and 
reduction  peak  potentials  for  GC  voltammograms  with  scan  rates 
at  which  the  systems  were  nearly  reversible. 

RESULTS 

Figure  1  shows  the  importance  of  defects  to  the  observed 
voltammetry  and  illuatrates  a  marked  difference  in  the 
behavior  of  two  inorganic  redox  ayatema.  Voltammograms  A 
and  B  were  obtained  on  HOPG  surfaces  which  met  the 
validation  criterion.  Voltammogram  A  is  for  Coiphenla^/’'^ 
on  a  surface  for  which  A£p  of  Fe(CN)s^^^  was  900  mV,  and 
B  is  for  IrCV^^  on  a  surface  exhibiting  a  AEp  for  Fe(CN)s^^^ 
of  1200  mV.  Note  the  large  difference  in  A£p  for  the  two 
systems,  indicating  a  much  smaller  kb"  for  C^phenls"^/"^ 
than  for  ItCls"'/"'.  Voltammograms  C  and  D  were  obtained 
on  surfaces  which  failed  the  validation  criterion,  ezhihiting 
A£p  values  for  FeiCNls"'/"'  of  455  and  58  mV,  respectively. 
Note  that  a  decrease  in  A£p  for  Fe(CN)s"~^"'  for  the  surfaces 
of  Figure  lA  and  IC  from  900  to  446  mV  had  a  la^  ^ect 
on  A£p  for  Co(phen)s"^/"^,  implying  that  Co(phen)s^/"^  is 
very  sensitive  to  defects  and  has  a  high  edge/hasal  rate  ratio. 
However,  an  even  larger  change  for  the  surfaces  of  Figure  IB 
and  ID  (1200  to  58  mV)  had  only  a  slight  effect  on  A£p  for 
IrCle^'/"'.  IrCls^/"' is  only  slightly  faster  on  a  quite  defective 
surface,  implying  that  the  hasalplw  rate  is  not  greatly  slower 
than  the  edi^  plane  rate.  The  variation  in  A£^  for  Fe(CN)^/"' 
and  various  r^oz  systems  is  shown  in  Table  I  for  validated 
surfaces.  Significant  surfaoe-to-aurface  variation  was  ob¬ 
served  fur  Fe<CN)s"~/"~,  presumably  due  to  variations  in  the 
small  residual  defect  doiaity.  This  variation  confirms  the 
high  sensitivity  of  Fa(CN)s"'^"*  kinetics  to  defect  density.  For 
the  systems  listed  in  Table  L  the  range  in  A£p  among  different 
systems  is  much  greater  than  the  variatum  fw  a  given  system. 

Several  voltammograms  of  different  redoz  systems  on 
valklated  HOPG  are  exhibited  in  Figure  2.  Note  the  variety 
of  peak  separations  and  voltammogram  shapes.  Unusual 
voltammogram  shapea  are  particularly  evident  for  systems 


with  low  kb".  Wo  have  reported  earlier  that  for  FelCN)*^'*", 
the  voltammogram  shape  at  low-defect  HOPG  could  be  fit  to 
MmiiUtiftiM  that  involve  a  potandal-depeiKtot  transfer 
coefficient”  We  note  here  that  simulations  with  potential- 
dependent  a  do  fit  the  eqmimental  data  better  for  certain 
systems,  but  there  is  still  a  dagree  of  divergence  from  theory. 
For  systems  with  peak  separations  <  150  mV,  simulations 
with  constant  a  fit  well  to  experimental  data.  In  Figure  3A, 
experimental  data  for  Co(mh**>**  are  compared  to  a  sim- 
ulatitm  in  which  a  is  varied  srith  potential  Note  tiiat  this 
beet  fit  to  the  anodic  wave  still  does  not  completely  match 
the  experimental  curve.  In  Figure  3B,  however,  Felphn)]"*/"* 
voltammetry  agrees  well  with  the  simulation,  with  a  constant 
a.  Raeults  for  systems  examined  are  summarized  in  Table 
n.  As  an  additional  measure  of  edge/hasal  rate  anisotropy 
for  HOPG,  rate  constants  for  laser-activated  HOPG  are 
included  in  Table  IL  In  all  cases,  k"  was  larger  on  laser- 
damaged  HOPG,  (^n  by  several  orders  of  magnitude. 

In  order  to  provide  a  reference  carbon  surface  for  com¬ 
parison,  rate  constants  for  the  eight  inorganic  systems  and 
were  determined  on  the  more  commonly  studied 
GC.  Polished  GC  surfaces  have  been  shown  to  yield  very 
irreproducible  rate  constants,  apparently  due  to  surface 
impurities. ‘-"A*  Laser  activation  of  polished  GC  yields 
reproducible  rate  constants  for  Fe(CN)6"~/^,  comparable  to 
thoee  obeerved  at  heat-treated  and  fractured  GC.‘-*”  Thus 
laaer-activated  GC  providee  a  carbon  surface  with  reproduc¬ 
ible  kinati'ca  with  a^ch  to  compare  the  behavior  on  HOPG 
for  the  redox  systems  examined.  (K]  is  also  a  more  practical 
reference  surface  than  edge  plane  HOPG  due  to  the  difficulty 
of  reproducing  the  fragile  e(^  plane  surface.”  Inaomecases, 
adaorpticm  or  ohmic  potentisJ  error  prevented  the  use  of 
sufficiently  high  scan  rates  to  determine  kcc"  accurately. 
However,  in  all  casea  the  A£p  obeerved  on  GC  was  lower  than 
that  on  validated  HOPG.  As  shown  in  Table  n,  the  difference 
in  rate  constants  between  HOPG  and  GC  was  large  in  some 
casee,  confirming  and  extending  the  rate  anisotropy  observed 
for  Fe(CN),»-/*-. 

DISCUSSION 

Considering  the  reeuhs  in  general  terms  initially,  the  most 
striking  observation  is  the  wide  range  of  observed  peak 
separations  on  validated  HOPG,  listed  in  Table  n.  In  many 
cases,  redox  systems  which  exhibit  fast  electron  transfer  on 
GC  or  damaged  HOPG,  e^.  dopamine,  Fe(CN)s"'/"~,  and 
Coiphen)}*^/"'*^,  are  very  slow  on  low-defect  HOPG.  For  all 
13  systems  examined,  tto(jC  rates  were  faster  than  validated 
HOPG  rates.  On  the  basis  of  previous  spectroscopic  and 
microetructural  information,  we  have  concluded  that  this 
difference  is  due  to  the  greater  reactivity  of  graphitic  edge 
regions  compared  to  (»dered  basal  plane,>-"^-^‘  although  this 
conclusion  was  initially  baaed  on  a  limited  number  of  redox 
systems.  Since  GC  surfaces  are  rich  in  edge  sites,  their 
electrochemical  kinetic  behavior  is  similar  to  edge  plane 
HOPG  rather  than  basal  plane. 

Given  the  observation  a  large  edge/hasal  or  (jC/basal 
rate  difference  for  at  least  the  13  systems  studied,  several 
questions  arise.  First,  are  the  observations  pwturbed  by  scnne 
technical  problems  such  as  instrumentation  limits,  residual 
defects  on  the  validated  surface,  etc.?  Second,  are  there 
mechanistic  diffmnoas  anurng  the  13  systems  which  cause 
the  wide  variations  in  rate?  Third,  for  redox  systems  with 
aanarently  similar  charge  tranafer  mechanisms,  what  controls 
tte  rate  on  HOPG? 

One  technical  limitation  is  easfly  recognized  from  the  large 
k"  valuea  obeerved  on  GC.  Fabrication  of  the  GC  electrodes 
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Tabtol.  PMk  SapmtlMW  M  ValMatad  BOPG  Snrfi 


system 

A£,(mV) 

system* 

iSp  (mV) 
Pe(CN),»-/«- 

An*  *  (cm/s)  (system) 

Ak°  ‘  (cm/s) 

(system) 

K  (da/d£) 

1  IrCls*-'»- 

137 

1200 

0.0034 

0.0034 

0.50 

14S 

910 

0.0029 

(0.0) 

96 

1160 

0.0063 

niA27 

51SSS*  0.003 

2  Ru(NHs)s**/»* 

285 

1230 

5.6  X  10^ 

9X  10* 

0.50 

215 

1370 

1.0  X  1(H 

(0.0) 

158 

1185 

2.2X10^ 

167 

1175 

2.0  X  10^ 

SISA58 

1.4  X  l(r»  *  8  X  10^ 

3  Co(phen)j**/** 

715 

900 

8.0X  10-* 

2X  10* 

0.50 

675 

725 

1.3  X  i(r» 

(0.25  V-‘) 

600 

940 

ZexlOr* 

695 

9.5  X  10^ 

871*50 

1.4  X  *  8  X  i(r* 

4 

76 

1235 

0.017 

0.017 

(0.50) 

63 

981 

>0.075 

(0.0) 

65 

1080 

>0.054 

8S*7 

>0.049*0.029 

5  Pe(phen)3^*/** 

63 

1300 

>0.075 

>0.075 

0.50 

57 

1046 

(0.0) 

60 

1024 

66 

945 

>0.042 

82*4 

>0.069 

7  Co(en)j»*/** 

770 

WO 

5.4  X  10^ 

2x  10* 

0.65 

711 

1230 

9.3  X  10-* 

(0.17  V-') 

790 

938 

4.2  X  1(7* 

757  *  41 

6.3  X  ifr*  *  2.7  X  lO* 

8  Ru(eB)i*^/*'*’ 

502 

1085 

7.0  X  10* 

1.3  X  10* 

0.62 

373 

883 

2.3  X  1(7* 

(0.0) 

307 

1135 

4.5  X  10* 

S4*99 

2.5X10*  *  1.9  X  10* 

■  All  data  at  200  mV/s.  *  Detomiiiwd  from  A£.  by  method  of  Nicholson.^  '  Rate  constent  calculated  by  comparison  to  simulations,  w. 

a  and  da/d£  shown. 

npm  2.  VoMmmMry  at  baial  plam  HOPQ:  1  mM 

tkumik**'**.  1  M  Ka  2  mM  1  M  KQ;  10  mM 

Co(OT|t**'*^.  1  M  Kd:  1  mM  dopamina.  0.1  M  HiSO*:  1  mM 
4-«nMh)rtcaMchot  (4440).  0.1  M  HiSO*:  1  mM  OOPAC.  0.2  M  HCIO«. 
Scan  mm  ■  0.2  V/a.  PMaiMala  ara  va  Ag  ORE. 

from  i*aU<hanctariaad  GC  stock  taaulta  in  electrode  auifacaa 
withmininiumdiinanakiiiaofabotttO.SmmxO.5mni.  Ohmic 
potential  artm  limits  the  useful  scan  rata  to  about  500  V/s, 
resulting  in  an  upper  limit  of  observable  k9  on  GO  of  about 


ngaraS.  VaNammotry at vaUaladboaal plane HOPa  SoMlnesi  f 
expertnamal  data  In  boOi  caaaa.  (A)  10  mM  Oofenk*^'*^.  1  M  K  J 
Oaahad  me  afenulatad  for  >  2  X  iiH  cm/a.  oo  ■■  0.05.  do/df  « 
0.17  V-<.  (B)  2  mM  Faiphank^'**,  1  M  Ka  Dashad  me  aimula*-v 
forA*«0.11cni/a.ao*0.6.da/df>O.OV*'.  Scan  rata  «  0.2  V  i 
PotanOals  ara  vs  Ag  ORE-  ! 

0.5  cm/s.*  In  a  previous  publication,  thaae  electrodes  were 
shown  to  yield  reliable  kfi  values  of  0.5-0.8  cm/s  at  100-f 
V/a,  but  larger  A*  values  are  difficult  to  measure  withr  |i 
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T«U«  II.  Csmpoaito  Radox  PoUatial  axd  Klaatic  Data 


lystem 

£i/2*  (V  Vi  SSCE) 

A£p*(niV) 

kb*  (cni/i) 

kia* '  (cm/i) 

kcc®  *  (cm/i) 

*GC*/fcb** 

k,*/(M-*i-‘) 

rel 

1 

IrCU*-/*- 

0.74 

146 

0.003 

0.06 

>0.5 

>200 

2X  10* 

47 

2 

Ru(l«W/** 

-0.19 

285 

9K  10^ 

0.06 

>0.4 

>400 

4000 

25,48 

3 

Co(plien)3**'** 

0.10 

715 

2X  lO'* 

0.002 

0.06 

4000 

40 

49 

4 

MV**/** 

-0.67 

76 

0.017 

>0.1 

>6 

10* 

50 

S 

Felphen))**/** 

0J6 

66 

>0.07 

>0.2 

3X  10* 

51 

6 

FelCN),*-/*- 

0.25 

700-1370 

10** 

0.06 

>0.6 

>6X  10* 

2X  10* 

52,53 

7 

Co(vn),**/»* 

-0.48 

770 

2X  10* 

0.001 

0.03 

2000 

8x  KT* 

54 

8 

Ru(«i)j**/** 

-0.06 

502 

1  X  lO'* 

>0.5 

>5000 

4000 

48 

9 

AQDS 

-0.14 

870 

10 

dopwnine 

0.51 

1200 

11 

4-BMthylcatechol 

0.40 

460 

12 

DOPAC 

OJl 

370 

13 

6-hydroxydopaiiiine 

-OJl 

840 

’  Average  of  voltammetric  peak  potentiala  on  laaar  activated  GC.  ‘  On  validated  HOPG  beaal  plane  auifacea.  ‘  Laaer-activated  HOPG,  after 
three  SO  MW/em^  pulaea  ex  aitu.  ^  Laaer-activated  GC,  after  three  25  MW/cm’  pulaea  in  aitu.  *  Ratio  of  laaer-activated  GC  rate  conatant  to 
validated  HOPG  rate  conatant  <  Homogeneoua  aelf-exchange  rata,  with  literature  reference.  >  Value  for  HOPG  aurface  exhibiting  minimum 
AQDS  adaorption.  firom  ref  23. 


smaller  electrodes.*  Therefore,  GC  rate  constants  reported 
as  0.2-0.6  cm/s  here  should  he  considered  lower  limits  and 
could  in  fact  he  significantly  higher.  For  HOPG  examined 
with  the  inverted  drop,  the  electrode  area  ia  larger,  but  A*  is 
much  smaller  and  high  scan  ratea  were  not  required.  Thus 
the  HOPG  rate  conatents  are  not  subject  to  significant  mat 
from  solution  ifi  effects.  In  addition,  the  relatively  high  c-asis 
resistivity  of  HOPG  (0.17  Q-cm)  would  yield  a  typical 
resistance  in  the  ca.  3-mm-thick  pieces  of  HOPG  used  here 
of  about  0.3  Q,  not  enough  to  contribute  significant  ohmic 
potential  error. 

A  second  potential  technical  problem  arises  firom  uncar- 
tainty  about  residual  defects  <m  the  validated  HOPG  surfiBce. 
As  noted  earlier,  the  large  standard  deviation  for  A£p  of 
Fe(CN)s*‘^*'  on  unvalidated  surfaces  indicates  that  adven¬ 
titious  defects  can  drastically  affect  observed  kinetics.  The 
requirement  that  A£p  for  Fe(CN)«^/*~  exceed  700  mV 
si^iificantly  reduces  this  variability  (Table  D,  but  it  is  still 
possible  that  residual  defects  contribute  to  tbe  apparent  Ab* 
on  HOPG.  Since  the  rates  on  GC  or  edge  plarm  graphite  are 
ail  faster  than  those  on  validated  HOPG,  residual  defects 
will  increase  the  apparent  Ab**.  Strictlyspeaking,theAb*vahies 
measured  on  validated  surfaces  are  upper  limits  for  the  true 
basal  plane  A**  values.  However,  more  can  be  concluded  from 
the  data  in  Table  L  The  observed  AEp  values  for  the  test 
systems  vary  much  leas  (and  often  in  different  directioiis) 
th«n  the  Fe(CN)t*~/*'  values,  implying  no  correlation  tA  A£p 
with  defect  density  on  validated  sWaces.  Furthermore,  A£p 
varies  greatly  for  teat  systenu  (e.g.  62  mV  for  Fe(phen)s*^/*^ 
vs  670  mV  for  Cofphenlj*^/*^)  <m  surfaces  with  similar 
Fe(CN)^/^  voltammetry.  These  obaervationademonetmte 
that  the  large  differences  in  observed  kinetics  among  the 
systems  examined  on  validated  surfaces  carmot  b*  a  crnaae- 
quence  solely  of  reeidual  defects. 

ArelatediasueiapoasiUedistortioiiBtovrdtammetiycauaed 
by  nonplanar  difftaion  to  defects,  possibly  Iriding  to  mi- 
croelecfrode  array  behavior.  As  diacuasad  previously,**  the 
assumption  of  pluiar  diffusion  will  break  down  if  the  spacing 
between  defects  is  cmnparabls  to  or  greater  than  (Dtp/*,  whare 
DisthediffuaicmooefificientaiNltiselsctrolyBif  time.  Such 
distortione  are  unlikely  to  occur  for  validated  HOPG  Burfacas, 
however,  both  becaiae  the  scan  rates  used  for  HOPG  are 
relativsly  slow  (yieldinga  relatively  large  (Dt)>/*)  and  becauae 
the  vali^tion  procedure  reduces  the  density  of  defects  to 
vary  low  levels. 

Speaking  more  quantitetively ,  the  fact  that  the  Ab**  valuae 
ars  upper  limits  and  the  Aqc**  are  lower  limits  that 

the  rate  anisotropy  between  edge  and  basal  plane  is  at  least 
as  large  as  that  reported  in  Table  n.  For  the  purposes  of  this 


study,it  is  suffidenttocondude  that  all  redox  systems  studied 
are  slower  on  basal  plane  HOPG  than  on  GC  and  that  the 
aniaotropyvarieegreatlyfiromsystemtosystem.  Theprecise 
magnitude  of  the  anisotropy  will  remain  uncertain  as  long  as 
residual  defects  are  possible. 

A  final  technical  issue  to  be  considsrsd  here  deals  with  the 
effect  of  impurity  adsorption  on  observed  kinetics,  which  is 
at  least  (ms  of  the  important  variablsB  for  (jC.*~*^  Although 
hasalHOPGsurfsces  were  examined  within  1  min  of  cleaving, 
some  exposure  to  air  and  solution  impurities  was  unavoidable. 
It  was  observed  that  Ab*  for  ‘tut*  systems  (A£p  <  4(X)  mV) 
did  not  vary  greatly  with  time  of  air  or  solution  exposure, 
srhile  those  with  slow  kinetics  (AEp  >  400  mV)  exhibited  an 
increasing  AJSpirith  time.  This  observation  is  consistent  with 
ada(»ption  of  impurities  to  defects  rather  than  to  basal  plane, 
as  is  observed  with  intentional  adsorbers  such  as  AQDS.** 
Taken  together,  these  technical  concerns  reinforce  the 
(xmdusion  that  Ace*  values  are  lower  limits  of  the  true  GC 
rate  constants,  while  Ap*  values  are  upper  limits  for  the  true 
basal  plane  HOPG  rate  constants.  In  addition,  any  errors  in 
Ab*  caused  by  residual  defects  or  impurities  will  be  most 
important  for  the  slowest  redox  systems. 

Let  us  now  turn  to  the  question  of  the  origin  of  the  often 
large  differences  between  HOPG  and  GC  rates.  It  is  useful 
to  note  initially  that  most  of  the  13  systems  studied  exhibit 
fimt  electron  transfer  on  laser-activated  GC.  Paste^mrience 
with  GC  in  several  laboratories  indicates  that  observed 
kinetics  are  very  sensitive  to  surface  histmy,  with  Aoi»*varying 
by  several  orders  of  magnitude  for  dopamine  or  Fe(CN)«*'/^ 
for  nominally  similar  GC  electrodes  with  varying 
pretreatment*'*'**  For  the  laser-activated  GC  surface,  how¬ 
ever,  the  rates  are  ocmaistently  fast  often  at  the  instrumental 
limit  for  rate  constant  determination.  Tlwre  may  be  signif¬ 
icant  variations  in  Aqc*  which  are  masked  by  the  instrumental 
limit  but  clearly  the  rates  are  high  with  only  a  few  exceptions. 

In  ctmtnst  basal  rates  for  all  systems  are  slower  and  cover 
a  wider  range.  The  inorganic  complexes  exhibit  a  Ab*  on 
validated  surfaces  ranging  frmn  <1(H  to  >0.07  cm/s,  vdiile 
the(HganicByBtamsbaveA£p'sfrom76tol200mV.  Aposaible 
origin  for  these  variathms  is  differencas  in  medianism  which 
may  involve  specific  surface  diemicai  interactions.  For 
example,  if  dectroptransfiriequiresaftinctionsl  group  which 
is  present  <mly  on  edge  jdane  defects,  it  should  be  very  riow 
(m  basal  plane.  Cem^iering  Table  H,  it  is  clear  that  all  of  the 
organic  systems  with  multistep  electron  transfer  mechanisms 
involving  protons  ars  alow  (AEp  >  460  mV)  on  basal  plane. 
There  could  be  several  medianiams  ediich  promote  Cast 
electron  tranafw  at  defects  for  reactions  invtdving  protons. 
Cabanias  et  aL  proposed  a  proton-assisted  electron-transfer 
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routa,  which  would  bo  ptavantad  on  porfaet  baaal  plaiu.i*  It 
could  ha  that  proton  tranafar  occuio  batwaan  a  protonatad 
adfa  plana  aurfaoo  proup  (or  maraly  adaorbed  protona)  and 
tharadoaayatam.thuaaccoloratingalacttontranaferatdafocta 
oron(jC.  Than araaovaralotharpoaoiblaniachaniama, but 
it  ia  daar  that  all  five  roactiona  atudied  hara  which  involve 
protona  are  vary  alow  on  baaal  plana  HOPG  and  fhat  on  dtf acta 
or  GC. 

After  eliminating  the  ayotama  with  obvioua  proton  in¬ 
volvement,  there  remain  aevan  inorfanic  compiezaa  and 
Theae  ayatenu  all  involve  one-electron  tranafara 
withnomdJorchangeoincoordiiiBtionseometry.  Theraaaona 
for  large  rate  differencaa  between  (3C  and  HOPG  fur  theae 
ayatemaahould  fall  into  two  claaaea.  Pint,  the  redox  ayatema 
may  vary  in  mechaniam  or  honoganeoua  aelf-ezchanga  rate 
(hoc),  thua  affecting  their  kinetica  with  preaumably  any 
alartrode  material  Second,  the raaaon  may  involva  the  nature 
of  HOPG  itaalf,  particularly  acma  diffarenca  in  phyaical 
propartiaa  between  baaal  plaM  HOPG  and  GC.  Conaidwing 
the  redox  ayetama  firat,  we  may  auapact  Fe<CN)«^/*~  to  be 
unuaual  becauae  of  the  waU-known  involvament  of  in 
electron  tranafer.'kA*  It  haa  been  cimcluded  that  ia 
involvad  in  the  tranaition  atate  and  that  vari- 

ationa  in  cation  identity  and  omoentration  atrongly  affect 
the  obaervad  rata.  It  ia  poaaible  that  thia  K'^  effect  raquiraa 
adga  plana  aitaa  and  cannot  oparata  on  baaal  plane,  thua 
leading  to  vary  low  baaal  ratae.  The  large  decreaae  ia  kec" 
for  FaiCNU^^*'  by  intentional  anthraquinone  adaorptioa^ 
rainfatoaa  Um  importance  ci  aurfaoe  aitaa  for  fact  kinetica  of 
Fe(CN)(*'/^  at  carbon. 

Theralationehip  between  koc°,  kb**,  and  homoganeouaaelf- 
exdiange  rata,  kMoiipItottad  in  Figure  4.  Marcua  propoaed 

the  ahnplaat  form  oft^ralationahip  between  k”  and  k^t  (eg 
1),  whi^  ia  cqtocted  to  andy  in  the  abaence  of  work  terma 
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introducad  by  the  alectrode:^*^ 

(k^Z„)‘/*  •  k®/Z^  (1) 

where  Z,K  and  Zrf  are  the  aiaociatad  frequency  factora  (ueually 
taken  aa  10“  M*'  a~>  and  10*  cm  a'‘,  raapectivaly).  Sevwral 
inveatigationa  aupport  eq  1  for  Hg  and  Pt  elactrodao  for  a 
variety  of  apparently  outer  aphere  redox  ayatema.’*^  Aa 
pmnt^  out  by  Weaver,  however,  eq  1  negiacta  aeveral 
potentially  imprwtant  wwk  terma  whiidi  lead  to  generally 
emaller  k°valuee  than  thoae  predicted  from  eql.*^‘  Weaver’a 
treatment  predkta  a  linear  dependence  of  work-corrected 
logkob.®onlogkac,withaalopeof0.5.  Since  the  kec®  valuea 
are  at  or  near  the  inatrumentid  limit,  no  correlation  could  be 
obaervad  with  koc  for  GC  electrodoa.  Ignoring  Fe(CN)<*~^*~, 
the  aeven  apparently  uncomplicatad  ayatema  ahow  a  trend 
with  koe  (Fipire  4),  but  the  k^**  valuea  are  3-5  mdera  of 
magnitude  loww  than  that  predicted  from  eql.  Intheabaoice 
of  aome  unknown  mechaniatic  complication  which  requirea 
edge  aitaa,  thia  rate  ahortfall  muat  be  cauaed  either  by  much 
larger  work  tamu  for  HOPG  or  by  tome  phyaical  property 
of  HOPG,  or  both. 

Baaal  plana  HOPG  differa  from  GC  in  aeveral  waya  which 
could  affect  elactron-tranafer  kinetica.  Itiahydroplmbic,**-** 
haa  a  relativaly  high  raaiatance  normal  to  the  aurface,'  haa  a 
low  denaity  of  electronic  atataa  compared  to  metala  or  (jC,**^ 
and  haa  unuaual  double  layer  effecta  related  to  ita  aeminMtal 
character.“*i*-*A*t  While  the  liat  of  *uncomplicated*  ayetama 
ia  too  abort  to  eatabliah  the  relative  importance  of  thaae  effecta 
on  baaal  plane  kinetica,  aome  obaervationa  daaerve  note.  Firat, 
hydrophobic  effecta  cannot  be  the  aede  cauae  of  alow  kinetica 
aince  ayatema  of  aimiiar  charge  and  atructure,  and  preaumably 
hydrophobicity  (e.g.,  Feiphenls®*'/^  and  Co(phen)ii**'/*^),  have 
very  different  ratea.  Furthermore,  baaal  ratae  are  largely 
independent  of  redox  ayatem  charge.  Second,  the  c-axia 
reaiativity  of  HOPG  would  yield  leaa  than  1 Q  of  uncompen- 
aated  reaiatance  and  would  be  roughly  equal  for  all  ayatema. 
Third,  any  unuaual  double  layer  or  apace  charge  effecta  for 
baaal  plane  ahould  vary  greatly  with  the  potential  relative  to 
the  pcc.“~**-««.46  I'lig  pgc  fof  HOPG  hm  been  reported  aa 
-0.24  V  va  SSCE  for  a  variety  of  aqueoua  electrolytea,“*i* 
and  that  value  waa  confirmed  here  for  1  M  KCL  Aa  ahown 
in  Figure  5,  the  obaerved  ratea  show  no  obvioua  perturbationa 
when  Ei/2  ia  near  the  pxc,  with  faat  and  alow  ratea  obaerved 
on  either  aide  of  the  pac.  So  apace  charge  capadtanoe  (and 
aaaodated  potential  drop)  and  double  layer  effecta  are  unlikely 
to  be  the  aole  reaaona  for  low  ka®.  Fourth,  the  low  denaity  of 
atatea  (DOS)  near  the  Fermi  level  of  HOPG  could  alow  down 
electron  tranafer  relative  to  GC.  According  to  Geriacher  et 
aL**  the  DOS  for  HOPG  reachea  a  niinimiim  2.2  x  10-i 
atataa  atom~i  eV~i  at  the  bulk  Fermi  level  of  graphite  but 
inereeaaa  rapidly  away  from  thia  potential  Thia  minimum 
ia  approximately  2  ordera  of  magnitude  lower  than  that  of 
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atoctroniranstars.  Cofraspoodlng  data  and  nutnbarasaignmanis  bom 
Tabla  II.  Crassaa  ara  lha  DOS  for  HOPQ,  from  rat  45. 


gold  (0.28  states  atom*'  eV'‘).^  The  trend  in  the  DOS 
calculated  hy  Geriacher  et  aL  Ihun  capacitance  data  for  HOPG 
is  shown  in  Figure  5  for  comparison.  Note  that  the  variation 
in  k\P  with  E1/2  does  not  track  the  DOS  in  any  obvious  way. 
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Although  the  low  DOS  for  HOPG  may  be  a  factor  in  depreaaing 
kb*  compared  to  kcc°.  the  dapMidence  of  kb°  OP  wdox  system 
£i/t  is  not  that  predktad  if  the  DOS  is  tto  only  important 
factor. 

CONCLUSIONS 

Hie  13  redox  systems  exhibit  a  wide  range  of  electron- 
tranafer  ratea  on  tite  basal  plane  HOPG.  but  all  are  slower 
on  basal  plane  graphite  than  on  GC.  Although  the  magnitudes 
of  the  differences  in  rate  betwemi  GC  and  HOPG  are 
somewhat  uncerUin  due  to  residual  defects,  it  is  clear  that 
rates  on  haaal  plane  HOPG  are  1-6  orders  of  magnitude  lower 
than  those  on  GC.  The  results  permit  identification  of  at 
least  three  rngjor  factors  affecting  electron  transfer  at 
carbon:  charge-transfer  mechanisms  which  are  promoted  by 
edge  plane  (e,g.  those  involving  proton  transfer),  physico¬ 
chemical  properties  of  basal  plane  which  retard  electron 
transfer  (e.g.  low  density  of  electronic  states),  and  the 
homogeneous  self-exchange  rate  of  the  redox  system  involved. 
One  or  more  of  these  effects  can  lead  to  midor  differences  in 
observed  rates  for  different  carbcm  electrode  materials  and 
surface  pretieatments.  By  ccmtinuing  to  examine  both 
ordered  graphite  and  GC  surfaces,  we  intend  to  characterize 
these  rngjor  factors  affecting  observed  rates  on  carhon 
electrodes  more  cmnpletely,  with  the  long-range  goal  of 
providing  a  structural  basis  for  electron-transfer  reactivity. 
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Morphology  for  Glassy  Carbon  Electrodes 


Mark  T.  McDnaratt,  Christia  AUnd  MeDerawtt,  aad  Richard  L.  McCreary’ 

Dapvtnunt  of  Chomiatry,  Th*  Ohio  Stota  Umoonity,  120  Weat  JSth  Avenue,  Cobunbua,  Ohio  43210 


INTRODUCTION 


cataiotiaa:  carbon  mkroatructuro,  aur&oa  romhnaaa,  phy- 
aiaoriMd  impuiitiia,  and  chamianrfaad  spacioB,  paiticuiariy 
oiidaa  Tho  niknotiuctiiial  prapartioa  of  varioua  carbon 
matariabaradotanniaod  by  thairmiaocryatalliteaiao,  which 
wiU  in  turn  datacmina  tho  rdativa  diatribution  (rf  banal  plana 
and  adga  plana  ragiona  at  tba  curfaca.  Graphite  adge  plane 
haa  bean  ahoam  to  differ  giaatly  in  dectro^omical  behmttt 
fcwn  haaai  lagionaonotda^gtaphitaaurficea.*-"*  Howevn, 
the  alaetrode  activity  will  alao  ba  affaetad  by  the  remaining 
thrae  variabko:  rottlhnaao  may  datennino  tba  number  of 
active  ahao,  phyaiaochod  impuritiaa  m^r  CQfvmr  or  block  active 

aitee.etidft«ideeiitaveltertl»»me<.|>eiiimi«f«U«.tM«itiwiief«> 

altogether.  Whether  or  not  thaaevariablaa  are  impwtant  to 
the  bdmvinrofagivenalBctndeiadatacmined  by  the  electrode 
material  and  preparation  hiatory. 

Our  group  and  othaie  have  reported  a  number  oi  aurfaoe 
preporatiana  for  GC  dactrodaa.  Partinaiit  of 

piwtr— tincfit  mctiuMjf  pyp  poUahing,**'**  laaoT  activation,'*''* 
vacuum  haat  treatment,'*-**'**  and  eipaaure  of  the  fitenh  bulk 
carbon  by  fracturing  a  GC  tod  in  aitu.'''-'*AM  Thapurpoae 
of  thaee  and  other  preparation  achemae  ia  to  modify  one  or 
more  of  the  GC  aurface  variablao  mentioned  above  in  order 
to  affect  dactroihtranafer  ratea  of  target  redox  ayetema. 
However,  the  ^ect  oi  any  particular  electrode  pr^taration 
procedure  cm  the  many  GC  aurface  factora  remaina  undear. 
For  example,  fracturing  a  GC  electrode  in  aolution  ahould 
yield  a  aur&ce  rdativdy  free  of  dbemiaorbed  and  idryaiaorbad 
impuritieo  with  a  microcryatallite  aixe  repreaentative  of  the 
bulk  carbon  matoriaL  Apoluhedaurfme,antheotherhand, 


Effective  andicationa  of  atdid  etactrodea  in  analyaia, 
aynthaaiB,  and  miargy  convetaion  raault  in  part  frmn  an 
undaratandingofelectrodeaurftnapmpartinBnndthairrffacta 
on  electron  tranafer.  Cdaaay  carfacm  (GO  ia  widely  uaed  aa 
an  electrode  for  analyaa  and  aa  a  aubatrxte  for  modified 
alertrodae  largely  becaMeeofjtahardnam,  wide  potential  range, 
durability,  a^  coat  However,  tba  aurface  propertiea  of  a 
typical  CiC  alaetrode  ate  not  thorouihly  undmetood  due  to 
the  variety  of  ^ocodurea  uaad  to  prepare  tbaae  electrodaa 
and  the  large  number  of  variablaa  at  the  aurface.  Themany 
proceduraB  and  aaaodatad  effacto  on  electrode  kinaticB  aad 
capacitance  have  been  reviewed  recently.'  Becauae  thaee 
aurfMaa  are  not  wettdafinad.  the  mujar  fKtoca  which 
determine  dectrodiaiBicalbdm^  have  not  been  cmnpletely 
detarmiaad.  Hie  ralationahip  between  aurface  atructural 
variablaa  of  GC  aad  aiactrodiamical  pfcmwMM  gudi  aa 
hatangenaoua  eleetran-traaafK  kiaatica  and  differmtial 
capacitance  ia  the  aubfect  of  thia  report 
Surface  pnpertiaa  of  carbon  dectrodea  ediich  affect 
eleetroehemi^  reactivity  may  be  elaaaified  into  four 
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poiMHM  A  number  of  impuritiM  and  a  nucroaryitailina 
•tnictura  quit#  diffennt  from  that  of  the  bulk  carbon.'*'”'** 
The  fractund  aurfroo  oxhibte  laria  betarogonaoua  alaetraci- 
tranafor  rata  conataata  (A*)  for  tha  fwio>/farneyaaida  ndox 
ayatmn  compared  to  poMehadGCaurfiaeaa.  but  it  ia  not  dear 
wfaotbar  thk  inerema  in  rata  ia  due  to  diffinancaa  in 
mierocryatallita  aiaa,  mkroaeopie  roughnaaa,  aurlaee  daan- 
Uneaa,  or  a  combinatioa  of  thM  variablaa. 

Thera  have  baenanumbar  of  aurfaoatadmiquaaamptayod 
toatudythaaurfMaotructuraofGCalaetrodaa.  Tadmiquaa 
fftitinwimly  omployod  OTO  X-ny  photoaiactron  qiactroacopy 
(XPS)  and  Augw  eleetron  apoetraaoopy  (AES),**^****” 
Raman  apactroaoopy.'*'”**  aurfaca-anbancad  Raman  apac- 
troacopy  (SERS),****  and  acanning  olactron  micnacopy 
(SEM).**'”**”  Scanning  tminaling  mieroaeopy  (STM)  bin 
baMuaadaitanaivalytocharactariaahi^ilyocdaredpyrobftic 
graphita  (HOPG)  elactradaa  at  atomic  raaolutioa.  induding 
■Mwiinatiftn  of  tho  efftcta  of  alactrochemical  and  cbamical 
ondation.”-”  In  aaaaral  eaaaa,  daCaeta  on  HOPG  autfacaa 
bava  been  aaaociated  with  incraaaad  diamical  and  aiactro- 
..iiamiMl  reactivity.*”'**  In  an  SEM  atudy  of  GC  by 
Bodattibai  and  Brajtar-Toth,**  the  olaetndapoBition<tf  copper 
at  active  aiteo  waa  correlated  witb  roughniiaa  and  dactcw- 
tranafer  kinetica  for  Fa<CN)a*'^*‘.  It  war  cimcludad  that 
tiaatmenta  wfaidi  incraaaa  tlM  danaity  copper  nuclaatkm 
BtaaalaoincTaaaa  tha elactron-tranafar rata.  Thaaetaehniquaa 
have  been  uadiil  fw  wndaiatanding  carbon  elactroda  atruc- 
tura/raactivity  ralationahipa,  but  tha  atnictural  modala  for 
GC  aurfacea  remain  incomplata  at  tha  acalo  below  tha  ffiM 
laaohition  limit  of  ~100  A.  A  few  raporta  of  atomic  acala 
STM  of  GC  have  appeared.**'**  but  innoeaaa  waa  theohaacvad 
morpholagy  ralat^  to  alactrochamical  bahavkw.  Purther- 
mora,  tha  variety  of  GC  preparation  prooaduroa  and  taatradox 
ayatama  baa  made  it  difficult  to  omnpora  the  parformanca  of 
difleiant  aurfacaa  under  otherwiae  identical  conditiona. 
Accordingly,  the  currant  effort  involvae  the  uae  STM  to 
provide  aurfaca  morphological  informatian  about  GC  aurfacea 
raaulting  from  aov^  pratroatmoit  pcocadune  and  omn- 
pariaon  of  the  electrode  kinetica  and  capacitance  of  theaa 
aurfaoaa.  STM  ia  partkularly  attrnetiva  bacauaa  of  high 
apatial  raaolutkm,  aopadaDy  in  tha  vartlGal  diractkm.  In 
addition,  SKMimagaa  of  potehadGC  have  bean  ahown  to  be 
modifiad  by  the  piaaanca  of  a  carbon  micropartide  layer.** 

Elactrochanucally  activated  GC  aurfaoaa  adiich  had  pra- 
viouely  bean  poliahad  have  bean  imaged  by  twogroupa.  Wang 
at  aL  compared  aurfacarwighneaa  and  topograpbyiaaagad  by 
STM  for  two  difliirant  matiioda  of  alactroAentical  pretraat* 
arant  (BCP)**  and  alio  uoad  STM  to  invaatigate  GC  aurfaca 
paaiivation duatophanoleiidathin.**  PrauadataLooraparad 
STM  inugm  and  atomic  fona  aucroaoopy  ( APM)  imagm  of 
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poinhadaawallmaiactrochoniioally|»etraatedGC.*>  Rot 
STM  atudim  of  alactrodiemically  activated  GC  conclude- 
that  BCP  raauhad  in  a  rougher  amflMa  rdative  to  tha  initial 
poiiahed  aurfaca.  WaraportharaanSTMetudyofanumbe- 
ofotharatandaidprattaetmentprncadurm  for  GC  electrode 
The  aurfma  mcridioiagy  and  rdativa  mughnnr  of  oonvw 
tv«niiyr«Jiaii«A,iMei  inadiatod  froftiirad  and  vannmihaat 
traetod  GC  aurfacea  are  oorralatad  with  the  eleetrodieniicr ' 
bahevioraadatarminedbytiiehetaroBMiaouialeftTtm-trandi 
rate  conatant,  k*,  for  farro'/farrkyanide  and  differential 
capacitance,  C*.  for  thaaeaurfMaa.  An  amantial  component 
of  our  approach  ia  obaervation  (d  both  STM  imagaa  an 
electrochemical  behavior  on  the  tame  GC  aurfaca  in  order  t 
reduce  r«i«nnwMi  proUmna  with  aurfaca  raprodudbUity.  By 
comparii^STMmoridiologyanddocttoefaemicalactivityfor 

poliahad,  laiar  activated,  fractured,  and  heet*traated  GC 
inai^itsintodectrodeatroctura/raaetiviWtalationahipawa} 
(ditdnad. 

bxpebimental  section 

Raaganta.  All  aohituHia  ware  prepared  with  water  obtaineo 
froBaNanopureIIayatam(Baniatead,Dubuqua,IA).  Potaaaium 
farrocyanide  waa  ua^  aa  recmvad  from  Baker  (Phillipaburg,  NJ 
Potaiaium  chkcide  waa  uaad  aa  received  from  Jenneile  Chemio 
(Cincinnati,  OH).  Sotutiona  of  1  mM  KiPe<CN)«  in  1  M  KC. 
were  fraoh  dafly  and  purged  with  purified  argon  prior  to 
uae. 

Elaetiada  Preparation.  Glaaay  carbon  (GC-20)  wwldc 
electrodaa  were  obtained  from  Tol^  and  employed  in  one  c. 
three  differmt  mechanical  ahapaa:  a  S-mm-diamater  GC  rod,  a 
GC  di«lr  cut  from  a  2-mm-thiek  plate  and  aandad  to  ahape,  an'* 
GC  mkroeUctradaa  fabricated  aa  daacribed  previoualy.'***  A 
elactiodaa  (GC  dkha  and  mkroelactrodea)  uaad  in  the  oorrelatic 
of  roughnaaa  and  morphology  witb  eleetrodwmical  behavior 
(Figurea  1-3  and  Tablaa  I-III)  were  manufactured  from  a  tingle 
2>min-thick  plate  of  Tokai  GC-20.  The  high-reaolution  STl 
imm*aoffr*^>><*<iI^i<*^%i**'*^*'”***hanona3-mnHliAmet< 
Tokai  GC-20  rod  bacauaa  M  the  eaae  of  mounting  and  lack  of 
aample  tilt  compared  to  fractured  GC  microelectrodea.  No 
differencea  were  obamvad  in  tha  STM  imagaa  between  fracture 
S-inm  roda  and  fractured  GC  microelactrodoa.  The  ele- 
trochemkal  cell  waa  made  of  Teflon  and  waa  equipped  with  a 
quartx  window  through  which  the  electrode  could  be  later 
irradiated.  Diak  electrode  areaa  were  defined  by  a  vitono-rin 
and  fflkroelectrode  aieaa  (ca.  0.5  X  0.5  mm)  wwe  defined  by  tl 
expoaed  elacbrode  face  aurrounded  ^  a  a^th  of  epoxy.  TLw 
three  elactroda  call  waa  ccnnpletedwitii  a  Bioanalytii^Syatema 
(Waat  Lafayette,  IN)  Ag/A^  (3  M  NaCl)  reference  electrod- 
and  a  platinum  wire  auxiliaiy  electrode. 

Poikhed  eloctrodae  were  prepared  by  poliahing  with  600-gi. . 
■ilwwi  cavbide  paper  follow^  by  1-,  0.3-,  and  0.05-am  alumina 
(Buehler,  Lake  BlufL  tt>)  ahirriaa  on  Mkroctoth  poliahiiig  dot** 
(Budilor).  Slurriaa  wue  prepared  from  dry  alumiim  and  Nai 
opure  water.  Poliabed  elactrodaa  ware  aonkated  in  Nanopu: 
water  for  ~5  min  before  |dao«aent  in  the  ekctrodtamkal  celL 
Cate  waa  taken  to  amire  that  a  drop  of  water  remained  on  the 
alartrnila  duriiigiiiaartinii  into  theTrflnn  rail  until  anlri 
aolutionwaaaddod.  In-aitulaaar  activation  of  poliihedelectrad' 
in  Nanopuie  water  waa  performed  with  a  Nd:YAG  laaar  (Model 
580-10,Quaatol)oporatingatl064iunwith9-napulaaa.  Inoider 
to  partially  average  apatial  and  tenqMcal  variationa  of  the  law 
intonaity,  three  lurceaaive  pulaaa  were  applied  to  the  ekctrod 
Forthiaatody,powerdanaitiaaof25aad70MW/cm*weieutiliiea. 
Fracturing  proceiloraa  were  aa  daactibad  previoualy.'*'^'**** 
Fractured  aurfioea  were  created  in  aitu  by  breekiag  a  G** 
mkroelectiode  fhiah  with  the  aurfhoa  of  the  embedding  apoa 
(Eocobond  56,  bneraon  and  Coming,  Inc.,  Woburn,  MA,. 
Ekctrochamkal  iiinraiirementa  wera  takan  immediate  after 
fracturing.  Heat  treatmantpcooaduiea  wore  aimilar  to  thoaec' 
Fi^enetaL**  Rim  conatant  and  capacHanoa  data  were  obtainc 
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OB  «  poiaM  ratfiM*  tint  and  thn  thk  raCmiiM  niBovvd 
from  aohitioD  aad  d— cthmted  by  oipooun  to  ambioBt  air  for 
■^12h.  AftKaloctndiaBiieolUDotiGiaodcapaGitaDGomroaiaiB 
obaorvad.  tha  MBO  amfMO  waa  than  haat  tnatad  and  the  laat  aat 
of  alactrochaouGal  data  maa  obtainad.  Vacuum  boat  tnatoMOt 
(yHT)  waa  eairiod  out  in  aa  UHV  chambar  at  l(H-l(HTocr.  GC 
dkka  wan  mounted  on  a  aampla  pcoba  tip,  and  tba  tampmatun 
waaraiaad  by  ohmic  haatbig.  Raiding  a^tompatatunaanaiBK 
occunad  on  tha  back  aide  of  a  GC  diak  aiactrada  (1.6  mm  thi«±), 
auchtbata700*CtemporatuniraaaGhia*adl-2h.  Haat-traatad 
elactrodaa  weie  expoaad  to  ambiant  air  for  ~30  a  while  being 
inaartad  into  the  Tatlon  odl  and  bathed  to  analyte  aolution. 

Highly  oriented  pyroiytk  gcaphita  (HOPG)  WM  obtained  from 
Arthur  Moore  (Union  (torbi^  Parma.  OH).  HOPG  elactrodee 
wen  cleaved  with  adhaatoa  tape  or  withaiiaor  blade  aadeacribed 
pravioualy.M* 

nactraehamical  Maaaniaaanta.  Elactrode  araaa  ware 
detarmtoad  by  chronoamparonaatry  on  a  6^  time  acale  to  1  mM 
Fa(CN)(*'/*'  to  1  M  I,  inear  awaap  cyclic  voltammetry 

exparimenta  and  k*  detarminatioa  mm  performed  aa  daacribad 
previoualy*-*^'^  utiliaing  a  frmction  ganarator  (Tektronix  In&, 
Beaverton,  OR)  and  an  Advanced  Idea  Machanica  (Columbua, 
OH)  potantioBtat.  Differential  capacitance  meaaAirementa  mn 
pofformad  by  the  method  of  Gilaadi««*  and  daacribad  by  m 
l»««ioualy^»  >»  uatog  a  lOO-Hx,  20-mV  paak-to-paak  triangle 
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wave  cantered  at  0.0  V.  All  reported  (7*  valuaa  an  normalized 
to  the  projected  elactrode  area,  aa  determined  from  chrono- 
amparametry.  All  potantialaBtatad  am  relative  to  the  Ag/AgQ 
(3  MNaCI)  electrode. 

with  the  finite  dilliaranca  ^tproach,  and  tito  computer  program 
waa  provided  by  Dannia  E^uma,**  with  a  oonetant  value  of  the 
tranefar  coaflfcient. 

STM  Cwiditiena.  STM  imagea  wan  obtained  with  a  Nano- 
acope  n  (Digital  Inatrumenta  Ina,  Santa  Barbara,  CA).  Moat 
imagaa  wan  obtained  with  electrochemically  etched  0.01-in.- 
diametar  tungaten  win  tipa,  aa  recommended  by  the  manufac¬ 
turer.  Mechimicalbf  cut  Fl/Ir  (80/20)  tipa  (Dytal  Inetrumenta) 
wan  alao  uaad  for  oompariaon.  but  no  aignifeant  differeneea 
between  the  two  typaa  of  tipa  wen  obaarvaUa  to  the  STM  imagaa 
at  the  ralativaly  Im  raaohition  utiliaad  for  moot  of  thia  work.  All 
imana  wan  taken  to  ambient  air,  and  no  diangaa  wen  noted  in 
the  imagaa  for  many  houn  after  initial  acana. 

Low-iaaohition  imagaa  (150-nm  full  acaia  and  greater)  wan 
obtained  with  the  12  x  12  an  acan  head  to  the  ‘height’  image 
mode  (oonatant  currant)  with  a  biaa  voltage  500  mV  and  a 
aet-potot  currant  of  0.6  nA.  High-naolution  imagaa  (26-nm  full 
acale  aad  lower)  wan  taken  with  a  0.7  X  0.7  am  acan  bead  to  the 
‘currant*  image  mode  (oonetant  height)  with  btoe  voltagaa  of 
2G-100  mV  and  aet-potot  currant  of  2-6  nA. 

GC  lamplaa  wen  mounted  with  ailver  pwte  to  a  thin  metal 
plate  through  which  the  Uaa  voltage  wae  applied.  Allp<diBhed 
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npm&  liiw<w. 2800 IMP* III o>oaiiwiJir<tliwm III tlrwtiwwciwidWuiw  (A)peM«da&XMalpO-80nm;(B|polM4MV-ac0MMKi 
(28  MW/omn  QC.  2  aoO*  0-00  nm;  (Q  paOMnMw-KOMMd  (70  MW/cm^  QC,  2  Mri*  0-100  nm;  IP)  irMhrad  QC.  2  icM  0-178  nm;  (R 
poOMHd/VMuum  hMl  MOM  QC,  2  aoM  0-80  nm;  (F)  nMOy  orOwid  pyrolyOc  orapMa.  2  Mato  0-10  im 


wirfaewyiddadMBulargrMimafM.atthawaolutionwnpkiiytd, 
ngardliM  of  tha  daetioda  ooafifuratiaa  (laigo  disk  or  micto- 
•loetrodo).  iBagao  of  ftaeturM)  ouifiMM  wm  obuinad  on  tba 
piaeafraeturadfraBthaalaetiodafatharthanthaalactrodaitaalf, 
■mea  tha  alactioda  would  not  fit  io  tha  STM  aampla  rofion. 
DiflineiitBurfBoaaaBwattaaaaaataldiffiHnitafaaaofeachfurCMa 
wara  aiaminad  to  obtain  rapfaaaiilaliiia  iiiiaiaa 

BBSULT8 

Figttia  1  ahoiws  10  x  10  iim  aiiroay  acana  of  typical  CSC 
mrfaeaathat  wara  amluatad  .Ur«T«w4i«Mi«.lly  Duatoimafe 

curvabm  which  oocun  with  iargaacanaiaaa,  tha  imafaawara 
aoftwBraflattaiiadbutnotanioothadorfiltarad.  STMhai^t 
acalaa  an  ahourn  on  tha  light  aidaa  of  tha  pioto  alono  with  the 
topogtaphicgnyecala;  highatpointaappaaraa  lighter  ahadaa. 
Tha  naagaa  ahoan  in  Figun  1  an  polUiad.  poliahad/laaar- 
irradiated  at  25  MW/cm^  (denoted  P/L  25),  poliahad/Iaaar- 


imdiatad  at  70  mW/cm*  (denoted  P/L  70),  and  fractured 
aurfiacea.  The  poliahed  (Figun  lA)  and  P/L  25  (Figun  1B> 
•urfMOB  appear  ainiilar  in  morphology,  with  polkhing  acratd 
00  viaibla  in  both  imagea,  and  in  haii^t,  with  faaturea  nc . 
azcaodingbOnminhMght  The  P/L  70  (Figun  IC)  and  tha 
fractured  (Figun  ID)  aurfacae  cover  a  greater  h«iht  rang 
and  exhibit  diatinct  morphological  featurea.  The  P/L  1 
aurface  exhibita  iaolatod  protruakoa  (ahown  aa  bri^t  linaai 
that  appear  to  originata  frmn  the  poliehing  acratcfaea  that 
wen  preaent  on  the  aurface  befon  laaw  irradiatkm.  Tl  i 
fracUuad  aurface  diaplaya  protruauma  w  nodulaa  with  d  j 
ameten  ranging  from  50  to  300  nm.  We  have  inevioualy 
nported  nodulaa  on  fractured  GC  electrodea  baaed  on  SEM 
imagea. t 
Parta  A-D  of  Figun  2  ahow  the  aame  typea  (rf  aurfacto^ 
plotted  in  a  3>D  perapective  and  on  a  amaller  x,  y  acale.  In 
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addhioii,  imacw  of  polkhed/VHT  (donotad  P/VHT)  and 
higldy  oriented  pyroijrtkgtaphitoiui&OM  an  abooni  in  F^un 
2Ea^F.  Note  the  diflennoe  in  s-azia  acak  from  image  to 
image.  With  thia  mode  of  image  diaplay,  the  differencee  in 
the  aurface  mmidmlagiaa  an  paiticulariy  noticeable.  Pol¬ 
ished,  P/L  25,  and  P/VHT  smfaoaa  (Rgun  2A,  B,  and  E) 
appear  similar,  with  all  imagea  eBqdoying  identic^  height 
scales  and  ezhibiting  poliahing  acntriies.  The  distinctin 
morphologiea  of  the  fractured  and  P/L  70  surfaces  (Figun 
2C  snd  D)  an  apparent  and  will  be  discussed  in  detail  below. 
Again,  thane  surfaces  ezbibit  greater  height  variatkm  than 
the  othm  surfaces.  Figun  2F  is  a  ^^picalHOPG  basal  idane 
surface  containing  a  step  defect  for  comparison  with  the  other 
images. 

Toprovidea<|uaatitetiveoomparisonofsurfaoeRHMbnaas, 
the  root-mean-aquan  roughnsas  (RMSR)  function  of  the 
Nanoacope  n  softwan  waa  employed.  RMSR  is  defined  n 
the  standard  deviation  of  the  height  of  the  surface  calculated 
from  all  points  obtained  during  a  given  scan.  Forezample, 
the  image  of  HOPG  in  Figun  2F  yields  an  RMSR  of  0.24  nm, 
while  that  of  fractured  GC  (Figun  2D)  yields  20.4  nm. 


Although  RMSR  has  not  bean  esrahlished  as  s  rMorous 
quairiitative  ataaaun  of  sofeoe  roughnaas,  it  doss  provide  s 
oompariaon  tat  tIitUramt  surfanas.  An  additionel  but  lam 
atathrifslhr  uaafril  parameter  is  2!—,vdMch  is  the  difference 

tirf  ■  m  tlf  MufaMw  aiiH  iMyimmw  Zmn 

andRMSRraaoltaanliBtedmTableL  Note thiA both vahms 
also  induds  standard  deviatiana  of  and  RMSR  for  the 

WgunSilluotrateahowthafracturedaurfaca,  which  eahihits 
the  bighaat  and  RMSR,  would  appaar  if  platted  with  a 

1:1  aspect  ratio  batwaan  the  z,  y  scale  and  t^  s  soda.  In 
Figun  2,  andintypicalSTM  images,  thesscalm  am  ezpandad 
in  cedar  toanhancasuifacefaeturea.  In  Figun  3,  the  distance 
on  the  s  azis  waa  adjuated  to  equal  thoee  of  the  z  end  y  azes. 
A  poHahad  aartaes  (from  Figun  2A)  is  plotted  sunilorly  tor 
oomparison.  Without  ezpansion  of  the  t-axu  scale,  both 
anrfacm  qipaar  mndi  smoother. 

Hw  unuonal  nmephology  of  the  fractured  GC  surface  is 

■llc»aetSMrMimiilyhigliirin«gnifi<-«ti««tinPigiiT«S  Imaga 

4A  ohowa  the  variation  in  nodule  diameter,  while  4B  shows 
an  intarmcticn  of  throe  nodules  irith  ca.  20b-nm  diameters. 
Imagea  C  and  D  show  the  t(q>  of  the  iqqwr  left  nodule  of 
Figun  4B,  with  a  full-scale  scan  raiMa  of  25  nm.  Note  that 
ths  opparant  rooghnam  persists  even  on  a  scale  of  ca.  1  nm. 

Flaottochanleal  Raanhs.  Table  II  shows  elactnm- 
tranofsr  nte  constants  and  capacitance  for  the  siz  typm  of 
anifacm  eiaminad  by  STM  The  relatively  large  area  of 
aavaealalaititHiaijuimliiiiilwl  llieeian  i ala  In  10  V/atii  leas, 
so  rata  eonatanta  above  0.1  cm/s  an  lower  limits  of  ths  true 
vahiaa.  As  noted  by  several  authore,**^^  the  variaklity  of 
h*  for  FefCNlt^/**  on  polished  GC  is  quite  large  due  to 
variationa  in  daanlinem  but  is  often  in  the  range  of  10-^1(H 
cm/s.  The  A*  vahias  obtained  hen  are  someadmt  higher  than 
tepical,  but  do  ahowalarge  standard  deviation  (50%)  typical 
of  polished  surfaces. 

Loser  activatian  at  either  25  or  70  MW/cm’  or '  'tuiing 
led  to  reliably  large  A*  vahieo.  Since  the  A£p’t  base 
surfacaa  wen  near  the  reversible  limit  of  57  mV,  a  aeter- 
minatkins  baaed  solely  on  AEp  an  of  limited  accuracy.  Figun 

fishownscMnpmMiwnftlMMpTiiMmmwiytaiiiiwigfmfnr 

FefCN)*^/*-  at  a  fractured  GC  surfime  and  a  simulated 
reeponae  for  A*  ■  0.40  and  v  *  10  V/s.  A  A*  of  0.40  was  the 
lowest  which  yialdad  a  good  fit  to  the  ezperiment,  so  a  A* 
eatimate  of  >0.4  cm/s  ie  reliable  in  this  case.  The  aberrant 
bockground  on  ths  ezpmimontal  voltammognm  is  due  to  the 
digaisncne  in  the  badqyound  current  betassn  the  Fe(CN)s*~^*~ 
voltamniognm  and  that  obtained  in  supporting  riectrdlyte, 
leading  to  inaccurate  background  subtraction.  The  back¬ 
ground  current  on  activated  GC  vorim  with  time,  making 
background  subtraction  incomplete.  A  mom  rigorous  inves¬ 
tigation  of  Fe(CN)(^/*~  kinetics  has  been  performed  on  these 
surfsom  at  soon  mtes  which  yiridod  a  mon  nliaUe  nte 
constant  of  0.6  cm/s.*''  The  fractured  GC  and  the  P/L  70 
Burfsoasazhibited  nte  Constanta  at  least6  times  greater  than 
that  of  the  initial  polished  electrode  (>0.4  ve  0.060  cm/s). 
The  nte  oonotant  value  for  the  P/L  2B  riectrode  is  larger 
than  that  of  the  miginal  polished  surfsoe  by  mom  than  a 
factor  of  5  (>0.3  vs  0.060  cm/s).  Recall  that  although  the 
STM  dataahow  that  the  fractured  andP/L70surfscespomem 
distinct  morphologiea  with  high  Expand  RMSR  values,  the 
morphology  and  the  Zm  and  RMSR  values  <d  the  P/L  25 
surteoe  am  very  similar  to  thoae  acquired  for  ths  poliahed 
surface. 

Finally,  the  P/VHT  surfacaa  yielded  nte  constant  values 
similar  to  the  polishod  surface.  These  results  an  consistent 
with  thoos  of  Kuwana  et  oL**  The  A£p  for  Pe<CN)«*-/^  at 
10  V/s  increased  from  98  to  230  mV  upon  deactivation  in 
ambient  air,  but  after  beat  treatment,  reactivatkm  of  the 
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aiactioda  ooeumd  to  a  laval  aqual  to  or  graater  than  that  of 
tha  initial  poliahad  aurfiaoe. 

DiffaantiaIeapaGitanoa(C*)YahiaaaiaalaoahowninTaUa 
n.  Tha&actuiadandP/L708iii£Maaaihibithi^iarC*valuaa 
than  tha  othar  auifiMaa  aa  mil  aa  tha  iaifaat  variation  in 
capacitanoaa.  C*  valnaa  for  poUahad,  P/L  25,  and  VHT 
awfiactaaiaaimilar.  Notathat  daartivationdaciaaaad  C*  by 
a  factor  of  2  idiila  darraarhig  h*  of  Fo<CN)«^/*-  by  a  factw 
of  7  from  tha  <»iginal  poliahad  aurfaoa.  Tha  aignificant 
infhianca  of  adaorbad  aiiboma  impuritiaa  on  the  activity  of 
GC  la  Oluttiatad  in  thaaa  dacraaaaa  in  h*  of  Fa(CN)«^/^  and 
C*  from  tha  poliahad  to  tha  P/DEAC  aurfaca.  We  have 
obaarvad  that  aqioauta  of  a  poliahad  GC  aurfaca  to  air  fw 
avan  a  few  aacooda  laada  to  knrar  rata  conatanta  for 
Fa<CN)t^/^.  Aa  noted  in  tha  Ezparimantal  Section,  groat 
care  waa  taken  to  anauia  that  a  dnq>  of  water  remained  on 
tha  olactroda  aurfaca  during  iMiullim  poUahing  and 
aonication.  Alao  note  that  ^  marked  dacraaaa  in  alectro- 


voSanawoiranw  of  1  nM  FE(CNW*^  on  fiaoturad  QC  Hi  M  KO  at 
r  »  10  V/a.  ShnuMlan  aaawnad  a  *  0.5,  **  »  0.4  cm/a,  and  OU 
-  6.32  X  10-*  cm*/a. 

chemical  activity  through  expoaura  to  ambient  conditions 
followid  by  reactivation  via  VHT  waa  not  accompanied  by 
aignificant  morphological  changes. 

DISCUSSION 

Tha  STM  results  diacuaaad  ahova  are  relevant  to  two  issues 
3~egarding  GC  surface  structure:  morphological  characteristics 
of  GC  elactrodesunder  different  pretroatmantoonditums  and 
thequantitation  of  micioaoopicroughnam and  electrochemical 
activity.  Previous  insight  on  tha  morphology  of  GCelectrodaa 
prepend  according  to  the  methods  reported  hme  has  orig* 
inatad  from  scanning  electron  mkroaoopy.t*-**^  Although 
SBM  providoo  tha  nacaasary  magnification  for  elamantary 
image  analysis,  tha  raaolutkm  (particularly  in  the  vertical 
direction)  is  poor  compared  to  STM.  Electrode  roughness 
has  been  investigated  previously  by  indirect »»»— m  sudi  as 
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Tabla  III.  Effaet  of  Laaor  Powor  on  Sorfuo  ProtriioioBa 
for  P/L  Sttrfseoo 
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adaorption  and  differential  capacitance  meaaure- 
menta.^^-’*^-^-^  One  would  expect  that  A*  and  capacitance 
should  scale  with  microacopic  ana  of  the  electrode,  all  else 
being  equal,  and  that  activatian  may  be  caused  in  part  by 
increases  in  surface  roughness. 

At  first  glance,  then  does  appear  to  he  a  comlation  between 
the  STM  determined  RMSR,  A*,  and  C*.  The  surfaces  with 
the  largest  A*  and  C*  (fractured  and  P/L  70)  also  exhibit  the 
highest  RMSR  Further  conaidention,  however,  reveals  that 
the  comlation  is  inconsistent.  Polished,  P/L  25,  P/VHT, 
and  P/DEAC  surfaces  have  RMSR  valuea  which  vary  by  leas 
than  15%,  while  their  A*’s  vary  by  at  least  a  factor  of  50. 
Laser  activation  at  25  MW/cm^  leads  to  an  increase  in  A*  of 
mon  than  a  factor  of  5,  yet  the  RMSR  increase  is  only  ~  7  % . 
These  results  an  consistent  with  those  preeented  pnvioualy 
baaed  on  SEM  and  phenanthenequiixme  (PQ)  adsorption.*^-** 
They  also  confirm  the  conclusions  from  other  labonttmea 
that  changes  in  microscopic  roughneea  an  not  sufficient  to 
explain  the  effects  of  activation  procedures  on  kinetics  and 
adaorption.^'^  Large  increases  in  A*  occurred  upon  laser 
activation  with  only  minor  changes  in  morpholagy  and 
microscopic  area  as  determined  from  phenanthrenequinone 
adsorption.*^  In  the  case  of  the  fractined  surface,  the  hi^ier 
RMSR  is  due  to  nodules  and  obviously  implies  higher 
roughness.  On  the  basis  of  PQ  adamption,  t^  fractured 
surface  has  about  twice  the  microscopic  area  of  the  poliahed 
or  P/L  25  surfaces.**  Thus  variations  in  roughneea  could 
reasonably  account  for  a  factor  (tf  ~2  in  A”,  but  the  major 
source(s)  for  A*  variation  must  lie  elsewhere. 

We  have  previously  attributed  A”  increases  caused  by  laser 
activation  to  the  removal  of  adsorbed  impuritiea.*^  This 
concluaion  is  reinforced  by  the  VHT  experimenta  of  Fagan 
et  aL**  and  Stutts  et  aL,**  repeated  here  with  the  addition  of 
STM  characterixation.  Deactivation  and  subsequmit  VHT 
led  to  minimal  changes  in  RIdSR  from  the  polished  surfMe 
yet  yielded  large  variation  in  A”.  As  expected  for  impurity 
ads«»ption.thecapadtance decreases  for theP/DEAC surface. 
The  low  <7*  values  repmted  by  Fagan  et  aL  were  not  observed 
here,  probably  due  to  the  very  different  frequency  dmnains 
used  in  the  c^xmitance  measurements.  Takratog^erwith 
results  from  other  laboratories,  the  STM  and  electrochemical 
results  strongly  support  the  concluaion  that  the  major  factor 
controlling  A*  for  Fe(CN)s^''’~  on  GC  is  surface  rlwanlinees, 
with  surface  roughness  playing  a  minor  role.  Stated  semi* 
quantitatively,  roughness  accounts  for  a  factor  of  ~2  in 
observed  A*  on  GC,  while  surface  cleanliness  can  affect  A*  for 
Fe(CN)«*'/*'  by  factors  as  large  as  several  hundred. 

The  aeoemd  major  issue  addreased  by  the  STM  examinatimi 
deals  with  the  mmidiological  effects  of  various  pretreatments, 
particularly  laser  activation.  The  unique  features  of  the 
fractured  surface  axe  obvious  from  SEM  or  STM.  The 
increased  roughness  leads  to  increasee  in  capadtance  and  A* 
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for  fractured  surfaces  compared  to  P/L  25  surfaces,  but  thsae 
effoetoaieaotlarge(afactor<rf~2).  The  major  consequence 
of  in-aita  fracturing  with  regard  to  A*  enhancement  is  the 
avoidance  of  impurity  adaorptkm.  Atlaastattheraecdution 
Mnployed  hare,  the  morphobagical  diffenmess  between  frac¬ 
tured  and  polished  surfaces  do  not  appear  to  have  major 
wMMimiMM—  Cor  nhafinrod  kinetics,  llw  effect  of  polishii^ 
is  to  flatten  the  tope  ofnodules,  yielding  thesurfscss  of  Figures 
LA  and  2A,  accompanied  by  the  undeaired  consequence  of 
impurity  adsorptkm. 

While  laaw  activation  at  25  MW/cm*  had  no  obsmvable 
morphological  effects  at  the  resolutimi  employed,  hightf  power 
densHiee  led  to  qualitatively  distinct  features.  Theprotru- 
siens  apparent  in  Figure  2C  formed  along  polishing  scratches 
(apparmit  in  Figure  IC).  Atomic  force  microscope  images  of 
these  features  erere  very  similar  in  appearance,  indicating 
that  they  are  not  an  artifact  due  to  multiple  tunneling  points 
as  the  STM  tip  negotiates  the  scratches.  The  density  and 
height  oi  the  protrusions  increase  with  power  density  (Table 
IH).  At  30  MW/cm*  and  lower,  they  are  very  infrequent  or 
not  preeent,  while  at  70  MW/cm*,  they  cover  more  than  40% 
of  t^  surfree.  We  have  reported  previously  that  significant 
excuTiiims  in  C*  aiul  PQ  adaorption  occur  at  powers  above 
30  MW/cm*  **  and  that  a  surface  temperature  simulation 
predicts  that  local  melting  should  occur  with  a  threshold 
between  30  and  40  MW/cm*  for  GC.**  It  is  likely  that  the 
protrusions  are  caused  by  local  melting,  perhaps  followed  by 
expansion  of  heated,  entrapped  gases.  The  localization  of 
protrusions  on  polishing  scratches  may  result  from  the  lower 
reflectivity  inside  the  scratches,  resulting  in  more  efficient 
coupling  of  the  laser  light  into  the  GC.  In  addition,  the 
thermal  conductivity  near  scratches  could  be  different,  leading 
to  localized  temperature  variations. 

The  high-resolution  images  of  the  top  of  a  nodule  on  the 
fractured  surface  (Figure  4C  and  D)  are  not  of  sufficient 
resolution  to  image  individual  atoms.  The  apparent  rough¬ 
ness,  which  is  on  a  much  smaller  scale  than  that  shown  in 
Figures  1  and  2,  could  be  due  to  genuine  morphological 
features  or  to  variations  in  electronic  interactions  between 
the  tip  and  the  surface  during  scanning.  Although  these 
features  are  reproducible,  it  is  not  yet  clear  what  they 
represent.  A  few  reports  here  appeared  on  high-resolution 
Sl^ofdisordered  carbon  msterials.^*~**  Atomic  resolution 
was  achieved,  although  the  polishing  procedures  employed 
leaves  some  doubt  about  the  condition  of  the  surface.  Unusual 
arrangements  of  carbon  atoms  were  observed,  perhaps  because 
of  deviatkmsof  the  electronic  structure  of  disordered  carbons 
from  that  of  HOPG.  The  high-resolution  images  on  the 
fractured  surface  obtained  here  are  of  value  because  the 
fractured  surface  is  unmodified  by  polishing  and  should  be 
more  representative  of  bulk  structure.  Attempts  to  obtain 
atomic  scale  images  of  the  fractured  surface  are  currently 
being  made. 

SUMMARY 

The  foremost  conclusion  drawn  from  the  correlation  of 
electrochemical  properties  with  STM  images  is  that  some 
phenomenon  other  then  surface  roughening  is  responsible 
for  increases  in  electrode  activity  toward  Fe(CN)«*~^*~  upon 
lasermVHTactivation.  This  statement  is  especially  apparent 
with  comparison  ofthe  polished  and  P/L  25  surfaces.  Results 
show  that  laser  activation  at  25  MW/cm^  causes  no  changes 
in  capacitance  and  roughness,  but  causes  a  drastic  increase 
in  activity  as  evidenced  by  the  heterogeneous  rate  constant 
for  Fe(CN)«*~/*~.  Theae  results  are  consistent  with  a  mech- 


(46)  Rice,  R  J.;  McCraery,  R  L.  J.  EUetroanai.  Chem.  mi, 310, 127- 
138. 
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•OMIB  iniHikh  plMtiad*  actinty  k  daumiiiMd  by  «xpaM» 
"^■***"«**— "^  *■**—**«" 

STM  im^  of  polkfaad,  P/L  26,  P/VHT,  and  P/OEAC 
atocOtadaa  ahow  than  to  ba  aimilar  in  BUMfiiiiolagy,  indicatiiig 
that  any  rhangaa  iaduead  fay  laaar  acthratioa  at  low  powar 
danaitiaamndYacuumhaattraatowntattamparatUTMof  ~700 
•C  an  minimal  Fiaetumd  and  P/L  70  aoifaoaa  azhibit 
dktinet  moiphologiaa  with  a  latga  amount  o(  rau^hnaaa  and 
aonwvariahflityiaalactndiamkalbMavior.  Morphological 
chanctariatioaafthaP/LTOauiCMaanattribtttadtopaaaiUa 
malting  of  tha  OC  aubatrate  at  hi^  laaar  powar  danaitiao, 
baginning  at  80-40 MW/cm*.  Invaatigationof  thaaa  aiirfaeaa 
with  AFM  and  with  STM  at  hi^iar  raaolution  k  cunantly 
undnway. 
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Laser-Induced  Transient  Currents  on  Glassy  Carbon  Electrodes 

Double  Layer  and  Ion  Adsorption  Effects 

Robert  K.  Jcnvorsld*  and  Richard  L  AAcCreery* 

Department  of  Chemistry,  The  Ohio  State  University,  Columbus,  Ohio  43210 

ABSTRACT 

Intense  laser  pulses  delivered  to  a  glas'  >  carbon  (GC)  surface  tn  situ  result  in  a  transient  current  which  depends  both 
on  electrode  potential  and  the  electrolyte  solution.  The  transient  decayed  with  a  time  constant  of  several  hundred  microsec¬ 
onds,  much  longer  than  the  laser  optical  or  thermal  transient.  The  linear  dependence  of  the  transient  charges  on  potential 
implies  that  the  mechanism  involves  perturbation  and  restoration  of  the  double  layer  and  adsorbed  ions.  The  charge 
contained  in  the  current  transient  was  a  small  (<10%)  fraction  of  the  total  double  layer  charge  indicating  incomplete 
disruption  of  the  double  layer.  In  addition,  the  magnitude  of  the  response  is  higher  for  surfaces  with  higher  oxide  coverage. 
The  observations  are  consistent  with  adsorption  of  electrolyte  cations  with  me  strength  of  interaction  decreasing  in  the 


The  observations  are  consistent  with  adsorption  of  electrolyte  cations  with  the  st 
order  H*  >  Li*  >  Na*  >  K*  >  Et,N*.  The  cation  interaction  increases  with  increasing 
interactions  with  surface  functional  groups. 


probably  I 


Understanding  the  structure  of  the  electrode/solution  in¬ 
terface  is  of  paramount  importance  in  investigations  of 
electrode  kinetics  at  carbon  electrodes.  It  is  well-known 
that  the  rich  surface  chemistry  of  carbon  materials  con¬ 
tributes  to  the  complexity  and  ineproducibility  of  kinetic 
measurements.  Several  electrode  pretreatment  procedures 
have  been  proposed  to  alleviate  this  problem  and  obtain 
more  controllable  surface  structures  and  faster  electrode 
kinetics,  particularly  for  glassy  carbon  (GC).  These  include 
polishing,'-’  electrochemical  activation,’'*  vacutim  heat¬ 
ing, fracturing, and  laser  activation,'*’”  Ot  rele¬ 
vance  to  the  current  report  is  the  observation  that  intense 
laser  pulses  (ca.  25  MW/cm’,  9  ns,  1064  run)  delivered  to 
glassy  carbon  in  situ  results  in  a  ca.  100-fold  increase  in  the 
electron  transfer  rate  for  the  FefCN);’'  *  couple.*”*  Rough¬ 
ness  changes  and  gross  microstructural  changes  have  been 
ruled  out  as  mechanisms  for  the  observed  activation,  and 
the  rate  enhancement  was  attributed  to  effective  surface 
cleaning  for  the  case  of  GC.'*-*’  A  unique  feature  of  pulsed 
laser  activation  compared  to  conventional  pretreatments  is 
the  ability  to  monitor  an  active  surface  very  quickly  after 
its  creation,  with  microsecond  time  resolution  if  desired. 
The  current  effort  was  undertaken  to  investigate  transient 
electrochemical  phenomexui  initiated  by  laser  activation, 
not  only  to  learn  about  carbon  surface  properties,  but  also 
to  investigate  electrochemical  events  occxirring  very 
qikickly  aft»  exposure  of  a  reactive  carbon  surface  to  elec¬ 
trolyte  solution.  The  overall  objective  of  the  work  is  an 
understanding  of  the  factors  affecting  electrode  kinetics  on 
carbon  electrodes  and  particularly  the  mechanism  of  laser 
activation. 

*  Electrochemical  Society  Active  Member. 


Much  lower  energy  pulses  which  cause  only  a  slight  tran¬ 
sient  increase  of  the  electrode  surface  temperature  were 
employed  in  studies  of  the  electrical  double  layer  on  mer¬ 
cury  electrodes”"”  and  more  recently  to  probe  the  electrode 
kinetics  of  fast  reactions.”-”  It  was  shown  that  pulsed  irra¬ 
diation  of  the  electrode  in  supporting  electrolyte  solution 
produced  current  transients  when  the  electrode  was  held  at 
constant  potentiaL”  Analysis  of  the  total  charge  of  the  cur¬ 
rent  transients  at  various  potentials  gives  the  charge  vs. 
potential  curve.  This  technique  did  not  become  widely  ac¬ 
cepted  for  routine  analysis  of  double  layer  properties  on 
mercury,  mainly  because  the  existing  classical  techniques'" 
were  simpler,  cheaper,  and  offered  superb  accuracy.  Open- 
circuit  potential  measurements  after  laser  pulses,  however, 
were  successfully  employed  to  study  thermal  properties  of 
the  double  layer.”'”  It  should  be  emphasized  that  the  laser 
pulses  used  for  activation  of  carbon  electrodes  have  much 
higher  power  density  and  shoidd  be  much  more  disruptive 
to  the  interfadal  region. 

A  significant  difference  between  mercury  and  solid  elec¬ 
trodes  (including  carbon)  lies  in  the  fact  that  the  surface  of 
a  solid  electrode  is  not  easily  renewable.  This  problem 
significantly  complicates  double  la^  studies  on  carbon 
electrodes  using  classical  methods.”'”  Differential  capac¬ 
ity  and  surface  tension  on  carbon  materials  were  studied  by 
Suffer  and  co-workers”"”  using  differential  cyclic  voltam¬ 
metry  and  spatial  measurements  of  the  electrodes. 

In  this  paper  we  present  a  different  approach  for  study¬ 
ing  double  layer  properties  on  carbon  electrodes.  It  is  bas^ 
on  the  application  of  laser  pulses  to  probe  the  properties  of 
the  carton  electrode/solution  interface  and  takes  advan¬ 
tage  of  in  situ  surface  cleaning  by  the  laser  pidse.  The  tem- 
peratiire  transients  generated  by  laser  pulses  with  power 
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densities  of  10  and  20  MW  cm’’  are  too  low  to  cause  major 
structural  changes  on  GC  and  highly  oriented  pyrolytic 
graphite  (HOPG)  electrodes,  but  high  enough  to  cause  tran¬ 
sient  disturbance  of  the  interfacial  region  and  induce  cur¬ 
rent  transients.  Short  laser  pulses  also  renew  the  surface  by 
impurity  desorption,  thus  activating  the  surface  toward 
electron  transfer.  Therefore,  the  laser  pulse  provides  not 
only  a  way  of  probing  the  properties  of  the  interface  but 
also  in  situ  renewal  of  the  dectrode  surface.  Of  particular 
note  is  the  time  resolution  of  the  method  compart  to  other 
pretieatment  procedures.  Since  the  laser  pulse  and  result¬ 
ing  temperature  transient  occur  on  a  nanosecond  and  mi¬ 
crosecond  time  scale,  respectively,  the  electrode  may  be 
monitored  within  microseconds  after  perturbation  by  the 
laser.  A  variety  of  electrochemical  efiects,  including  double 
layer  relaxation,  adsorption,  and  electron  transfer  may 
thus  be  examined  within  microseconds  of  the  laser  pertur¬ 
bation.  In  the  case  of  laser  activation  of  kinetics,  the  time 
resolution  is  many  orders  of  irugnitude  faster  than  heat- 
treatments,  polishing,  or  chemical  pretreatments.  In  this 
study,  we  examined  laser-induced  perturbation  of  the 
double  layer,  with  particular  attention  to  the  effects  of  elec¬ 
trolyte  composition. 

Expfimanid 

The  experimental  apparatus  is  shown  in  Fig.  1.  The 
Nd:YAG  beam  (Quantel  580-10)  operating  at  1064  nm  (9  ns 
pulse  length)  was  used  to  illuminate  the  electrode  surface. 
Before  entering  the  electrochemical  cell  through  a  quartz 
window,  the  laser  beam  passed  near  a  photodiode  (Scien- 
tech)  which  generated  a  trigger  for  the  LeCroy  9400  digital 
oscilloscope.  A  conventional  three-electrode  potentiostat 
with  a  0.1  ua  time  constant  was  used  to  monitor  laser-in¬ 
duced  current  transients.  The  time  constant  of  the  cell  was 
measured  with  a  5  mV  square  wave  potential  applied  to  a 
polished  electrode  in  O.IM  KCl,  and  equaled  120  pa.  In  all 
cases,  the  charge  resulting  from  a  laser  pulse,  Q ,  was  deter¬ 
mined  by  numerically  integrating  the  current  v*.  time  tran¬ 
sient.  The  Nd:YAG  beam  was  aliped  with  a  632.8  run  HeNe 
pilot  beam  to  allow  positioning  of  the  NdrYAG  beam  on  the 
electrode.  The  beam  passed  throu^  approxinuitely  5  mm 
of  solution  before  striking  the  electoode,  and  totally  illumi¬ 
nated  the  GC  surface  exposed  to  electrolyte.  The  measure¬ 
ments  with  GC  were  performed  by  applying  a  given  elec¬ 
trode  potential  for  1  s  before  irradiating  the  electrode 
surface  with  the  laser  pulse.  The  measurements  were  per¬ 
formed  in  series  of  ten  laser  pulses  separated  by  1  min 
intervals.  The  working  electrode  was  at  open  circuit  be¬ 
tween  the  measurements.  Each  series  was  carried  out  with 
a  freshly  polished  and,  where  noted,  further  pretreated 
electrode  (see  below). 

Commercial  GC-20  electrodes  (Bioanalytical  Systems), 
GC-20  disks  (Tbkai),  and  HOPG  (a  gift  from  Arthur  Moore 
of  Union  Carbide)  were  used.  Standard  procedure  for  the 
GC  electrode  sur&ce  preparation  cons^ted  of  polishing 
with  silicon  carbide  paper  (600  grit)  and  then  with  1.0, 0.3, 
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and  0.05  pm  alumina.  Electrodes  were  sonicated  for  5  min 
between  the  polishing  steps.  Where  noted,  electrodes  were 
further  pretreated  by  anodic  oxidation  in  O.IM  NaNOs  at 
1.8  V  for  3  min,  oxidation  in  a  saturated  solution  of 
(NH,),Ce(NO,),  for  5  min,  or  ultrahigh  vacuum  heating  at 
eOO'fi  and  2  x  10"*  Tbrr  for  2  h.  Basal  plane  HOPG  elec¬ 
trodes  were  prepared  by  cleaving  sup^cial  layers  with 
adhesive  tape.  All  working  electrodes  used  in  this  work  had 
surface  areas  equal  to  0.071  cm’.  Platinum  wire  served  as 
the  auxiliary  electrode.  AH  potentials  were  measured  and 
reported  tit.  Ag/AgCl  reference  electrode  (BAS).  Cathodic 
currents  and  charges  are  reported  as  positive  values  in 
tables  and  figures. 

All  chemicals  were  of  reagent  grade  and  were  used  with¬ 
out  further  purification.  Elutions  and  rinses  employed 
house  distilled  water,  further  purified  using  a  Bamstead 
“NanoPure”  System. 

Rnwhs 

The  major  effect  of  a  short,  intense,  1064  run  laser  pulse 
on  the  electrode  surface  is  a  transient  temperature  excur¬ 
sion.  With  the  significant  assumption  of  no  phase  changes 
in  electrode  or  solution,  the  surface  temperature  may  be 
simulated,  as  noted  previously  by  us  and  others.**^  The 
transient  in  Fig.  2  should  be  considered  the  maximum  ex¬ 
cursion  of  surface  temperature  for  a  10  &lW/cm’,  9  ns, 
1064  nm  laser  pulse  on  GC,  and  it  provides  an  estimate  of 
the  duration  of  the  transient.  Even  when  solvent  vaporiza¬ 
tion  is  ignored,  dT  decreases  to  100  K  in  about  1  iis,  and  to 
12  K  in  100  |is. 

The  current  transient  resulting  from  a  10  mW/cm’  laser 
pulse  delivered  to  a  GC  electrode  at  a  fixed  potential  of 
-0.2  V  vs.  Ag/AgCl  is  shown  in  Fig.  3A  (points).  The  cur¬ 
rent  represents  a  response  to  the  laser  perturbation  in  the 
absence  of  any  intentional  electroactive  species  and  is  pre¬ 
sumably  due  to  restoration  of  the  surface  and  double  layer 
after  themud  disturbance.  The  integrated  charge  under  the 
current  transient  is  0.59  t«.C/cm’  in  this  case.  For  compari¬ 
son,  a  GC  electrode  with  a  typical  capacitance  of  30  jiF/ 
cm’ held  at  a  potential  280  mV  away  from  the  PZC  has 
a  double  layer  charge  of  8.4  ti,C/cm’.  Thus  the  laser  pertur¬ 
bation  is  small  relative  to  the  total  charge  present.  Al¬ 
though  the  current  transient  follows  a  roughly  erqxmential 
decay,  a  plot  of  log  t  vt.  t  is  nonlinear.  Figure  3b  shows  three 
exponential  decays  which  are  summed  to  yield  the  smooth 
curve  of  Fig.  3A.  The  three  time  constants  indicated  in 
Fig.  3B  vary  only  slightly  with  potential  and  remain  ap¬ 
proximately  an  order  of  magnitude  apart 

Figure  4  indicates  the  reproducibility  of  the  integrated 
charge  following  the  laser  pulse  (Q)  for  different  surfaces. 
Figure  4A  is  a  Q  vt.  laser  pulse  number  for  three  physically 
different  freshly  polished  electrodes,  and  Fig.  4B  is  a  simi¬ 
lar  plot  for  a  single  electrode  polished  a  total  of  four  times. 


1362 


J.  Electrochem.  Soc..  Vol.  140,  No.  5.  May  1993  ®  Tha  Bactrochemical  Society,  inc. 


I  / 


t  /  me 


^3.taMHMWcuneiaft<a^fecMde«lalGCeleca«dein0.IA(KaMliiliMat-0,2V.(merpewerdami(y%»a$l0MW<m  '.Met 
A  Mioem  me  e»perimeiilal»on$iei>»(peinli|  and  #ie«imaf<ie<iieetae»penen>e«poiiewlialibiee^ait¥e>.Plet  9  ilicwi»»#iel>itee  exponential 


In  both  cases,  several  laser  pulses  (3  to  5)  were  required  to 
reach  a  constant  value  of  Q  for  subsequent  pulses,  probably 
due  to  removal  of  surface  debris  or  oxides  by  the  laser. 
After  this  induction  period,  fairly  constant  Q  values  were 
observed  for  pulses  6-10.  The  relative  standard  deviation 
for  the  6th  to  the  10th  pulse  on  the  same  electrode  polished 
four  times  was  13%  {N  =  18),  while  that  for  four  different 
electrodes  polished  once  each  was  20%  (N  s  19).  In  subse¬ 
quent  measurements  and  plots,  the  Q  of  pulses  6  to  10  was 
averaged  for  a  given  surface  unless  noted  otherwise. 

As  shown  in  Fig.  5,  the  laser-induced  current  transient  is 
strongly  dependent  on  the  applied  potential.  For  s 
0. 1 V,  the  transient  is  quite  small,  while  Q  was  positive  or 
negative  at  potentials  away  from  0.1  V.  As  shown  in  Fig.  6, 
Q  vs.  is  linear,  with  an  x-intercept  of  0.18  V  in  this  case. 
The  slope  of  this  plot  is  2.8  fiJP/cm*,  much  less  than  the 
differential  capacitance  of  co.  30  |iF/cm’.  Note  also  from 
Fig.  6  that  a  higher  laser  power  density  changes  both  the 
slope  and  x-intercept  of  the  Q  vs.  E^  plot.  Figure  6  was 
ba^  on  the  average  of  6th  to  10th  laser  pulses  after  pol¬ 
ishing,  where  Q  was  weakly  dependent  on  pulse  number. 
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When  the  first  pulse  after  polishing  was  used  to  construct  Q 
vs.  E,  the  plot  was  linear  but  with  a  higher  slope.  The  x-  in¬ 
tercept  did  not  depend  on  laser  pulse  number,  showing  no 
trend  with  repeated  pulses,  and  a  mean  and  standard  devi¬ 
ation  of  0.19  ±  0.02  V  (N  s  10).  The  potential  of  zero  re¬ 
sponse  (PZR,  where  Q  total  =  0),  is  listed  in  Table  I  for 
several  electrolytes. 

'nie  effect  of  electrolyte  concentration  on  the  transient 
response  was  examined  briefiy  for  KCl  electrolytes,  but  the 
available  range  of  concentrations  was  limited.  For  a  range 
of  concentradona  from  1.0  to  O.OIM  KCl,  the  observed  time 
constant  increased  greatly  with  decreasing  concentration, 
as  e^qpected  due  to  increasing  solution  resistance,  and 
therefore  RC.  For  example,  the  time  constant  increasikl  by 
a  factor  of  eight  when  the  KCl  concentration  was  decreased 
from  0.10  to  O.OIM.  Concentrations  other  than  O.IM  were 
not  studied  in  detail  due  to  the  poor  signal  to  noise  ratio  for 
lower  concentrations  and  potentiostat  saturation  for  high 
concentrations. 

Finally,  several  modifications  to  the  carbon  electrode  stir- 
face  were  considered  to  explore  their  effects  on  the  laser- 
induced  current  transient.  Figure  7  shows  transients  for 
E^  -  -0.1  V  for  polished  GC  (b);  heat-treated  GC 
(c,  heated  for  2  h  at  600'C,  at  2  x  10  *  Torr);  HOPG  freshly 
cleaved  (d),  and  anodized  GC  (a,  1.8  V,  3  min,  in  O.IM 
NaNOj).  Note  that  Q  for  HOPG  is  much  smaller  than  for 
polished  GC,  and  heat-treatment  reduces  Q  for  GC 
significantly.  Anodized  GC  has  a  much  larger  Q  than  any 
other  surface  considered.  The  charge,  PZR,  and  AQ/A£  for 
these  surfaces  are  listed  in  Thble  n. 


pula*  # 


t  /  ms 

Rm.  S.  Ills  offset  of  file  sisrenda  salMiiM  on  6is  IsMMiiducod 
osiant  Iwniisna  an  GC  sisdradt  bi  0.W  KQ  at  psaar  dwully  of 
10MW  cw'MIis  sis  drolls  polMalal  III  Bi;o,  -0.21^b,  -0.1;c,0.0; 
^0.1;s,ft1bf,  IX3;awdg,(i4V.  OsdwJsawiiapahlisdbsfais 


j.  tiectrocnem.  Sac.,  Vol.  140,  No.  5,  May  1993  <£)  Tha  Electrochemical  SocMty,  Inc. 


1363 


E  /  V  va.  Ag/Aga 

Rg.  6.  The  effect  of  Aa  Iomt  pomier  demily  on  O  in  0.IM  HO. 
Grow  10MW/cm^awaraga6Ato  lOrtiloMrptiifeailerpeUiiiig; 
ffnewndi,  10  MW/en*,  fini  nulta  ofAr  petitiing;  hiongfM, 
30 MW/<iii>,  Ml  to  10A  puke aferpohliing. 


Diacuuion 

The  first  question  which  arises  about  the  laser-induced 
current  transient  at  a  given  potmtiai  is  its  origin.  Su¬ 
perficially,  the  transient  behaves  as  expected  for  reestab¬ 
lishment  of  the  double  layer  after  thermal  perturbation  by 
the  laser  pulse.  The  cha^  involved  is  only  about  7%  of 
that  stored  in  the  double  layer,  implying  that  the  double 
layer  structure  is  only  partially  disrupted,  llie  time  re¬ 
quired  for  recharging  is  roughly  a  millisecond  or  so,  much 
longer  than  the  microsecond  scale  of  the  surface  tempera¬ 
ture  transient,  implying  that  most  of  the  double  layer 
restoration  occurs  at  the  ambient  solution  temperature. 

Upon  closer  inspection,  the  transient  is  not  simply  an 
exponential  decay  expected  for  double  layer  charging,  but 
rather  consists  of  at  least  three  exponmtiala  with  different 
time  constants.  The  shortest  (<40  la  time  constant)  involves 
very  little  charge  (<10%  of  total),  is  weakly  potential  de¬ 
pendent,  and  may  reflect  a  thermal  or  even  electronic  effect. 
It  will  not  be  considered  further,  except  to  say  that  it  ac¬ 
counts  for  the  initial  rise  during  the  first  SO  ps  of  the  ob¬ 
served  transients.  The  remainder  of  the  current  decay  is 
empirically  accounted  for  by  two  exponentials  with 
roughly  equal  contributions  to  the  total  charge,  but  time 
constants  which  differ  by  about  a  factor  of  ten.  The  time 
constants  do  not  depend  on  the  applied  potential,  but  the 
charge  attributable  to  each  exponential  does,  approxi¬ 
mately  linearly.  The  faster  of  the  two  has  a  time  cimstant  of 
about  300  Its,  close  to  the  cell  time  constant  observed  for  a 
small  potential  step  (120  iu).  It  would  be  premature  to  as¬ 
sociate  these  exponential  decays  with  particular  or  even 
distinct  chemical  phenomena,  but  it  appears  unlikely  that 
the  observed  decay  is  related  to  a  Faradaic  process.  One 
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Solution* 

Q  at  -0.1  V 
(C  cm’) 

Q  at  0.3  V 
(C  cm'*) 

PZR 

(V) 

AQ/AE 
{F  cm"*) 

HO 

7.8  X  10"' 

-3.2  X  10-’ 

0.18 

2.8  X  lO  * 

ua 

4.5  X  10-’ 

-3.5  X  10-’ 

o.:2 

2.0  X  10-* 

Naa 

4.8  X  10"’ 

-4.5  X  10-’ 

0.10 

2.3  X  10'* 

Ka 

3.5  X  10-’ 

-4.4  X  10-’ 

0.08 

2.0  X  lO'* 

(Et),NBr 

2.4  X  10-’ 

-3.9  X  10'’ 

0.05 

2.2  X  10-* 

NaF 

1.3  X  10-’ 

-2.1  X  10-* 

-0.08 

5.5  X  10-* 

Naao, 

2.7  X  10-’ 

-9.9  X  10-’ 

-O.Ol 

3.1  X  10-* 

NaNO, 

4.5  X  10-’ 

-5.8  X  10-’ 

0.08 

2.6  X  lO'* 

NaO 

4.6  X  10-’ 

-4.5  X  10-’ 

0.10 

2.3  X  10‘* 

NaBr 

4.9  X  10-’ 

-8.3  X  10-’ 

0.08 

2.8  X  lO"* 

Nal 

5.6  X  10-’ 

-4.2  X  lO'* 

0.13 

2.5  X  10-* 

*  O.lJf  conentratlons. 
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would  expect  a  redox  process  (surface  or  otherwise)  to  be 
strongly  potential  depoident,  and  not  to  show  a  linear  pro¬ 
gression  through  Q  >  0  as  the  potential  is  varied  around  the 
PZS  (Fig.  S).  The  potential  dependence  will  be  discussed  in 
more  detail  below,  but  suffice  it  to  say  for  now  that  Q  vs. 

has  the  behavior  expected  for  a  capacitor,  without  in¬ 
volving  any  Faradaic  processes.  Whatever  the  origin  of  the 
nonidealities  in  the  exponential  decay  of  the  transient,  the 
results  are  consistent  with  an  origin  based  on  thermally 
induced  disruption  of  the  double  layer.  There  is  no  evidence 
for  Faradaic  processes,  but  the  transient  may  involve  both 
classical  double  layer  effects  and  adsorption. 

Surface  reproducibility  is  a  well-known  problem  with 
solid  electrodes  and  was  tested  here  by  repetitive  trials  on 
several  electrodes.  Figure  4  demonstrates  that  the  variation 
in  Q  is  smaller  for  repetitive  polishing  than  for  physically 
different  GC  pieces.  Previous  experiments  demonstrated 
that  laser  pulM  of  25  MW/cm’  and  less  have  minimal  ef¬ 
fects  on  microscopic  area."  The  variability  observed  here 
for  repetitive  experiments  is  much  smaller  than  the  effects 
of  potential,  electrolyte,  and  carbon  type  on  the  current 
transients. 

The  potential  depoidence  of  the  current  transient  shown 
in  Fig.  5  and  6  demoiutrates  a  linear  dependence  of  Q  on  £ . 
Both  the  overall  Q  and  the  charge  attributed  to  both  “slow” 
exponential  decays  show  the  same  linear  potential  depend¬ 
ence.  It  is  useful  to  define  a  potential  of  zero  response  (PZR) 
as  the  applied  potential  where  Q  is  zero.  Figure  6  shows 
that  the  PZR  ii  about  0.18  V  for  10  MW/cm*  in  O.IM  Ha. 
The  PZR  depends  weakly  on  pulse  number,  with  no  trend 
observed  i  i  PZR  for  ten  successive  pulses.  The  PZR  does 
vary  adth  power  density,  as  does  the  slope  of  Q  vs.  E.  Like 
the  total  charge,  the  slope  of  the  Q  vs.  E^  plot  decreases 


iBBiv  ins  vmcv  of  wcwav  wiimjp  BraporaiiBn  on 

As  ehiarved  cuntod  IrawiiaHh  on  GC  oiid  HOPG 
in  0.1M  NoNO,  ol  10  MW  on  *. 


Surface* 

Q  at  -0.1  V 
(C  cm"*) 

Q  at  0.3  V 
(C  cm*) 

PZR 

(V) 

AQ/A£ 
(F  cm"*) 

GC  oxidized* 

GC  oxidised* 

GC  polished 

GC  vacuum  heated 

7.5  X  10'* 
3.8  X  10'* 

4.5  X  10'* 

2.5  X  10'* 

-1.2  X  10'* 
-2.3  X  10'* 
-5.8  X  10-’ 
-3.2  X  10'* 

0.24 

0.15 

0.08 

0.08 

2.2  X  10"’ 
1.4  X  10'* 
2.8  X  10'* 
1.4  X  10"* 

HOPG* 

9.7  X  10'* 

-1.2  X  10'* 

0.09 

5.3  X  10"’ 

*  See  text  for  the  details  of  surface  preparation. 

*  Anodic  oxidatian  for  3  at  1.8  V. 

*  Oxidattoe  in  saturated  solutioa  of  (NH()|Cs(NOs)i  for  S  min. 
^InO.lMKO. 
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with  puis«  number,  reaching  a  steady  value  after  ca.  five 
pulses. 

Although  the  PZR  does  not  necessarily  equal  the  PZC,  it 
is  analogous  in  several  ways.  At  potentials  positive  of  the 
PZB,  the  transient  resulting  from  the  laser  pulse  is  in  the 
anodic  direction,  indicating  electron  flow  away  from  the 
interface,  and  a  buildup  of  excess  anionic  charge  in  the 
double  layer.  Similarly,  a  positive  charge  excess  occurs 
when  the  potential  is  negative  of  the  PZR.  The  linear 
change  of  Q  with  is  expected  lor  an  ideal  capacitor,  but 

the  slope  is  less  than  the  full  double-layer  capacitance  be¬ 
cause  the  double  layer  is  not  completely  destroyed  by  the 
pulse.  If  such  experiments  were  possible,  complete  destruc¬ 
tion  of  the  layer  should  yield  a  Q  vs.  E^  slope  equal  to  that 
observed  if  an  electrode  were  suddenly  exp<»ed  to  the  solu¬ 
tion  and  the  double  la3rer  is  formed. 

In  order  to  evaluate  the  ability  of  the  ciirrent  technique 
to  study  the  properties  of  the  electrode/solution  interface,  a 
series  of  experiments  with  various  supporting  electrolytes 
was  performed.  The  results  (Table  I)  are  divided  into  two 
groups.  The  first  one  contains  solutions  of  alkali  metal 
chlorides,  tetraethylammonium  bromide,  and  hydrochloric 
acid  to  test  the  effect  of  cations  on  the  transients  and  PZR. 
Sodium  halides,  nitrate,  and  perchlorate  solutions  consti¬ 
tute  the  second  group,  selected  to  test  the  effect  of  anions  on 
the  PZR.  It  is  reasoiuble  to  assume  after  Barker  and 
Cloke”  that  the  PZR  is  related  to  the  potential  of  zero 
charge  (PZC),  and  that  the  direction  of  PZR  shifts  is  the 
same  as  that  of  PZC.  Therefore,  the  shifts  of  the  PZR  value 
can  be  used  as  a  test  of  adsorption  of  ions  on  the  electrode 
surface.  It  is  well  known  (see,  for  example  Ref.  31),  that 
adsorption  of  cations  will  shift  the  PZC  in  a  positive  direc¬ 
tion  and  adsorption  of  anions  will  shift  it  in  negative  direc¬ 
tion.  The  variation  in  the  PZR  with  cation  (Tkble  II)  is  con¬ 
sistent  with  adsorption  of  cations  on  the  GC  surface,  with 
the  strength  of  the  interaction  decreasing  in  the  order  H*  > 
Li*  >  Na*  >  K*  >  ELN*.  In  studies  of  ion  uptake  on  eiectro- 
cbemically  pretreated  GC,  Nagaoka  et  al."'"  reported  a 
similar  sequence  Li*  >  Na*  >>  K*  >  Ba*’.  At  this  point  we 
caimot  completely  explain  the  nature  of  interactions  lead¬ 
ing  to  apparent  adsorption  of  cations  on  the  carbon  elec¬ 
trode  surface.  However,  it  is  not  unreasonable  to  assume 
that  the  functional  groups  present  on  the  surface  of  GC^ 
are  at  least  partially  responsibie  for  the  observed  behavior. 
Carboxylate  or  semiquinoid  groups  on  carbon  are  either 
anionic  or  can  exchange  catioiu,  and  the  strength  of  the 
surface  interaction  should  vary  with  the  cation  size  and 
charge  density.  Oxides  are  also  known  to  affect  the  polariz¬ 
ability  of  the  carbon  surface,  thru  enhancing  interactions 
with  polar  or  ionic  species.  Such  a  mechanism  could  also 
enhance  ion  adsorption  for  cations  with  high  charge  den¬ 
sity  such  as  H*  and  Li*. 

Variation  of  the  electrolyte  anion  does  not  produce  a 
trend  similar  to  the  cations.  Except  for  fluoride,  ^  sodium 
halides  show  no  trend  in  the  PZR  with  anion  size.  The  P23t 
for  NaF  is  substantially  more  negative,  implying  a  stronger 
anion  interaction  for  F~  than  for  Cl",  Br',  or  T.  This  obser¬ 
vation  is  opposite  to  that  observed  for  Pt,  where  larger 
halides  chemisorb  more  strongly  In  addition,  fluoride 
would  not  be  expected  to  interact  mote  strongly  with  car¬ 
bon  via  dispersion  interactions,  since  it  is  less  polarizable 
than  iodide.  However,  these  observations  are  consistent 
with  ion  adsorption  mediated  by  surface  oxides.  The  re¬ 
sults  in  Table  I  imply  that  the  cation  is  the  major  determi¬ 
nant  of  the  PZR,  probably  due  to  cation  interactions  with 
anionic  surface  groups.  Variation  of  the  anion  has  a  small 
effect  for  the  st^um  salts  due  to  the  relatively  stronger 
interaction  of  Na*  with  the  surface.  In  the  case  of  fluoride, 
a  bridging  mechanism  may  be  possible 

>C-0*-  JiT  A- 

In  such  a  case  the  stability  of  the  structure  is  expected  to  be 
greater  for  F'  than  for  large  anions,  due  to  the  stronger 
intmaction  of  the  F'  anion  with  metal  ions  compared  to 
a-.  Br-,  or  r. 


lb  test  the  hypothesis  that  surface  functional  groups  play 
a  part  in  adsorption  of  ions  on  GC  electrodes,  the  surface 
concentration  of  those  groups  was  intentionally  modified 
by  either  oxidation  or  vacuum  heat-treatment  of  the  elec¬ 
trode.  Oxidation  of  a  GC  surface  will  increase  the  amount 
of  surface  functional  groups,*’*’"”  while  vacuum  heat-treat¬ 
ment  reduces  the  surface  O/C  ratio. In  addition  to  the 
specially  treated  GC  electrodes,  highly  oriented  pyrolytic 
graphite  was  employed  as  an  elective  material.  HOPG  is 
known  to  have  very  low  surface  oxide  concentration  with 
the  surface  functional  groups  (if  any)  located  on  defects  in 
the  lattice  structure.  It  should  be  emphasized  that  there  are 
significant  difierences  in  structural  and  electronic  proper¬ 
ties  between  GC  and  HOPG  which  have  to  be  taken  into 
account  when  comparing  these  two  materials.”  However, 
these  materials  can  be  used  to  qualitatively  correlate  the 
charges  observed  in  laser-induced  current  transients  with  a 
surface  concentration  of  functional  groups.  The  results  for 
HOPG  and  GC  after  various  pretreatments  are  shown  in 
Thble  n.  The  Q  for  HOPG  was  much  smaller  than  for  GC,  as 
would  be  expected  for  its  smaller  capacitance.  More  impor¬ 
tantly,  the  substantial  decrease  in  Q  for  vacuum  heat- 
treated  GC  compared  to  polished  GC  supports  the  hypothe¬ 
sis  that  surface  oxides  play  a  role.  Since  heat-treatment 
does  not  affect  surface  morphology  or  roughness,”  its  main 
observable  effect  is  reduction  of  surface  oxygen.  The  much 
larger  Q  observed  for  anodized  GC  also  indicates  the  strong 
dependence  of  surface  charge  on  surface  oxides. 

Summary 

The  current  vs.  time  and  charge  vs.  potential  responses  to 
an  in  situ  laser  pulse  on  glassy  carbon  result  in  the  follow¬ 
ing  conclusions:  first,  the  laser-induced  temperature  tran¬ 
sient  causes  disruption  of  the  double  layer  and  adsorbed 
species,  but  the  perturbation  is  small  compared  to  the  total 
double  layer  charge.  Second,  the  potential  dependence  of 
the  traiudent  is  consistent  with  double  layer  effects,  but  not 
a  Faradaic  process.  Third,  the  potential  dependence  shows 
a  trend  with  cation  size,  implying  adsorption  of  cations  in 
the  order  H*  >  Li*  >  Na*  >  K*  >  Et4N*,  similar  to  that  ob¬ 
served  by  Nagaoka  et  al.  for  anodized  GC.”'**  Finally  the 
response  increases  greatly  with  surface  oxidation,  imply¬ 
ing  increased  cation  adsorption  to  oxygen  containing  fiinc- 
tional  groups.  The  importance  of  both  cation  adsorption 
and  surface  oxides  to  activation  mechanisms  is  currently 
under  study 
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ABSTRACT 

The  electron-transfer  kinetics  for  three  aquated  metal  ions  with  low  self -exchange  rates  were  examined  on  well-char¬ 
acterized  carbon  svufaces.  All  three  ions  exhibited  slow  kinetics  on  clean  fractured  glassy  carbon  (GC)  and  on  the  basal 
plane  of  highly  ordered  pyrolytic  mphite  (HOPG).  The  reactions  appeared  to  be  outer  spbm  and  had  rates  approximately 
consistent  with  those  predicted  nom  the  self-exchange  rates.  Elecbnochemical  oxidation  of  either  GC  or  HOPG  greatly 
increased  the  electron-transfer  rate  constant  to  values  significantly  greater  than  predicted  for  outer-sphere  reactions.  The 
increase  was  greatest  for  and  was  eliminated  if  ue  surface  was  silanized.  Surface  oxides  provide  sites  for  iimer- 
sphere  catalysis  of  the  aquated  ions  at  carbon,  perhaps  involving  a  surface  oxide  structure  similar  to  the  common  ligand 
acetoacetonate. 


Due  principally  to  their  widespread  use  in  electrosynthe¬ 
sis  and  electroanalysis,  carbon  electrodes  have  been  exam¬ 
ined  extensively,  with  particular  attention  to  factors  affect¬ 
ing  electrode  kinetics  and  background  currents.*'*  Most 
previous  studies  have  been  dominated  by  characteristics  of 
the  carbon  surface  and  by  pretreatments  which  alter  the 
structure  and  reactivity  of  the  carbon  electrode.  Since  car¬ 
bon  has  several  forms  and  a  rich  surface  chemistry,  the  task 
of  relating  surface  structure  and  reactivity  has  been 
formidable.  Tbe  results  of  these  efforts  have  been  discussed 
extensively,  with  particular  attention  to  issues  of  surface 
microstructure,  cleanliness,  roughness,  and  oxidation.*’*'*' 
In  general,  previous  efforts  have  dealt  with  relatively  few 
redox  systems,  particularly  FefCN)**'"’,  ascorbic  add, 
Ru(NHi)^**,  and  several  quinones.  Of  relevance  to  the  cur¬ 
rent  report  are  the  observation  that  GC  exhibits  much 
higher  heterogeneous-electron-transfer  rate  constants  (Jlc°) 
than  the  basal  plane  of  HOPG,*  **'*’  and  that  thermal*’**  or 
laser**-'’  activation  or  ultraclean  polishing*'  greatly  in¬ 
creases  fc°  on  GC.  In  addition,  the  observed  kinetics  for 
Fe(CN)«''~*  and  similar  benchmark  systems  do  not  corre¬ 
late  wiA  surface  oxidation  provided  the  GC  surface  is  ini¬ 
tially  clean. '  '*  A  variety  of  arguments  support  the  conclu¬ 
sion  that  activation  of  HOPG  toward  Fe(CN)i'*'~*  is  not 
related  to  oxides  per  se,  but  rather  to  lattice  damage  ac¬ 
companying  their  formation. 

When  the  discussion  is  broadened  to  a  wider  variety  of 
redrx  systems,  the  picture  becomes  somewhat  more  com¬ 
plex  and  less  thoroughly  understood.  Seven  inorganic  re¬ 
dox  systems  normally  regarded  as  outer-sphere  systems  ex¬ 
hibited  fc”  values  1  to  5  orders  of  magnitude  Iowa- on  HOPG 
than  on  activated  GC,"  as  expected  from  the  Fe(CN)f*^'* 
results  noted  earlier  In  addition,  several  quinone  systems 
were  very  slow  on  HOPG,  perhaps  because  of  the  lack  of 
sites  for  proton  transfer."  Several  workers  have  noted  that 
the  obsmved  fc”  for  Fe"***  increases  when  a  polished  GC 
surface  is  oxidized, "  sometimes  by  factors  of  more  then 
100.  Kovach  et  al.  have  reported  la^  effects  of  electro¬ 
chemical  pretreatment  (ECP)  on  the  behavior  of  several 
metal  complexes  as  well  as  dopamine  and  ascorbate,  due 
largely  to  discrimiiution  of  the  oxidized  surf  ace  for  cations 
over  animu."  Armatnmg  et  oL  have  described  the  impor¬ 
tance  of  oxide  sites  to  cytochrome  diarge  transfer  on  car¬ 
bon,  with  binding  of  the  cytochrome  to  a  surface  oxide 
greatly  acceleratiim  electron  transfer**’*'  Cabanias  et  aL, " 
Kepley  and  Bard,  and  Nagaoka  at  al.^^  also  have  at¬ 
tribute  kinetic  activation  of  elcctrochemically  pretreated 
GC  to  surface  oxides.  These  results  imply  that  diffment 
redox  systems  are  affected  differently  by  carbon  surface 

*  Elcctrochenucsl  Society  Student  Member. 

**  Electrochemical  Society  Active  Member. 


variables,  with  some  dependent  on  surface  oxides  and 
others  not. 

The  issue  of  relating  carbon  surface  structure  to  elec¬ 
tron-transfer  reactivity  is  important  to  the  broader  area  of 
electrode  kinetics.  A  large  research  effort  has  been  invested 
in  understanding  the  relationship  between  k°  and  homoge¬ 
neous-electron-transfer  rates,  puticularly  in  the  context 
of  Marcus  theory.**'**  Tb  simplify  the  problem  as  much  as 
possible,  attempted  correlationa  of  ic°  and  homogeneous 
rates  used  well-defined  electrodes,  particularly  mercury. 
For  outer-sphere  redox  systems  after  suitable  work-term 
and  double-layer  corrections,  k‘  tracks  the  square  root  of 
the  homogeneous-self-exchange  rate  constant  (k^  as  pre¬ 
dicted  by  Marcush  theory.*'-**  The  existence  of  an  inner- 
sphere  reaction  pathway  (such  as  a  halide-bridging  ligand 
on  a  platinum  electrode)  can  greatly  increase  k°  over  that 
predicted  from  k^  **'*’  While  significant  progress  has  been 
made  toward  understanding  and  predicting  k"  on  well-de¬ 
fined  metal  electrodes,  such  progress  for  carbon  electrodes 
has  been  frustrated  by  their  complex  surface.  The  long¬ 
term  goal  of  our  work  in  this  area  is  to  understand  both 
electrode-surface  and  redox-system  variables  which  con¬ 
trol  k°  on  carbon. 

Althou^  polished  GC  is  the  most  widely  studied  GC 
surface,  its  oxide  coverage  is  variable,  typically  7  to  15 
atom  percent  (a/o),*  and  the  involvement  of  oxide  catalyzed 
routes  in  electron  transfer  is  difficult  to  assess.  Our  ap¬ 
proach  here  is  to  start  with  better  defined  carbon  surfaces 
with  very  low  oxide  coverage.  Basal  plane  HOPG  is  one 
example  of  a  well-defined  carbon  sur^ce  with  near  zero 
surface  oxides,  provided  it  is  prepared  properly.  We  have 
reported  also  that  the  freshly  exposed  surface  of  GC  is  quite 
reactive  for  several  redox  systems.**  Although  it  is  router 
than  polished  GC,****  it  is  initially  free  of  oxides  or  polish¬ 
ing  dk>ris,  and  should  closely  approximate  a  pristine  GC 
sui^ce.  The  current  report  concerns  the  behavior  of 
aquated  Fe**^,  Eu**'**,  and  V"'**  on  HOPG  and  fractured 
GC  before  and  after  electrochemical  oxidation  of  the  car¬ 
bon  surface.  In  addition  to  the  fact  that  HOPG  and  frac¬ 
tured  GC  provide  less  complex  and  better  defined  carbon 
surfaces  than  more  conventional  electrodes,  the  aquated 
redox  systems  exhibit  unusual  kinetic  behavior  which  per¬ 
mits  useful  conclusions  about  electron-transfer  mechan¬ 
isms  at  carbon  electrodes.  'Hie  primary  ad-vantage  of  the 
current  approach  is  the  low  initial  surface  oxide  concentra¬ 
tion  on  HOPG  and  fractured  GC. 


Electrode  preparation.— Glassy  carbon  (GC-20)  elec¬ 
trodes  were  ptepued  from  GC-20  plate  as  described  previ¬ 
ously.****  Polished  GC  electrodes  were  prepared  by  initial 
sanding  of  the  epoi^r  (Eccobond)  mounted  GC  with  SiC 
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grinding  paper,  then  poliahing  with  successive  1,  0.3,  and 
O.OS  tun  alumina  slurries  on  Microcloth  polishing  cloth 
(Buehler).  Polished  electrodes  were  sonicated  in  NANO- 
pure  water  (Bamstead)  for  approximately  5  min  before 
placement  in  the  electrochemical  cell.  During  transfer,  ex* 
posure  of  the  electrode  surface  to  air  was  reduced  by  keep¬ 
ing  the  surface  wet.  Fractured  surfaces  were  created  by 
fim  filing  away  the  embedding  epoxy  and  expotdng  a  short 
length  of  GC  p^.  the  fractured  surface  was  creat^  in  situ 
by  breaking  this  postflush  with  the  epoxy  surface.**  The 
exposed  GC  surface  remaining  embmlded  in  the  epoxy 
served  as  the  electrode  surface.  For  both  polished  and  frac¬ 
tured  electrodes  the  exposed  GC  surface  area  was  0.003  to 
0.008  cm*.  Voltammetry  was  performed  immediately 
(within  S  s)  of  fracturing. 

Laser  activation  of  HOPG  and  polished  GC  electrodes 
was  performed  with  a  Nd:VAG  loser  (Quantel)  operating  at 
1064  nm  with  9  ns  pulses. lb  average  spatial  variations 
of  the  laser,  three  successive  pulses  were  applied  to  the 
electrode.  Power  densities  w«e  25  MW/cm*  for  GC  sur¬ 
faces  and  50  MW/cm*  for  HOPG  surfaces.  For  both  HOPG 
and  GC,  laser  activation  was  perfomcd  in  IM  H,SO«.  Elec¬ 
trochemical  pretreatment  procediues  were  all  performed 
by  cycling  bom  0  to  2.2  V  os.  Ag/AgCl  at  0.2  V/s.  For  HOPG 
electrodes,  this  procedure  was  peifonned  in  0.  IM  H,SO«  for 
20  cycles.  For  GC  electrodes,  this  procedure  was  performed 
in  litf  HjSO,  for  1  to  13  cycles,  as  discussed  later.  Generally, 
1  to  5  c^es  were  necessary  to  observe  full  activation  on 
GC. 

HOPG  was  obtained  from  Arthur  Morae  at  Union  Car¬ 
bide  and  was  cleaved  with  adhesive  tape  before  use.  Since 
laser  activation  and  ECP  required  an  rfectrochemical  cell, 
the  inverted  drop  cell  and  validation  procedure  reported 
previously'**'  were  not  employed.  The  term  validation  is 
used  here  to  fefer  to  HOPG  basal  plane  surfaces  which  were 
verified  to  have  high  A£,  for  Fe(CNV*''*  (A£,  >  700  mV)  as 
an  indication  of  low  defect  density.'* 

The  procedure  for  surface  nuxUfication  with  organosi- 
lanes  was  similar  to  literature  techniques.**^'-**  A  fractured 
GC  surface  was  electrochemically  pretreated  with  one  cy¬ 
cle  under  the  conditions  stated  above.  The  electrode  was 
rinsed  and  a  Kimwipe  used  to  wick  off  residual  water  be¬ 
fore  placing  the  electrode  in  neat  chlorotrimethylsilane  for 
5  h.  The  chlorotrimethylsilane  liquid  was  kept  undn  argon 
before  and  during  the  derivatization  procedure.  Upon  re¬ 
moval  from  the  chlorotrimethylsilane,  the  electrx>de  was 
washed  once  or  twice  with  methanol  for  30  min.  Voltamme¬ 
try  was  performed  after  the  first  and  second  methanol 


washes.  The  electrode  then  was  placed  in  saturated  KOH/ 
methanol  solution  for  1  h  to  remove  the  silane,  after  which 
final  voltammetric  measurements  were  performed.  lb  en¬ 
sure  that  the  changes  in  the  observed  voltammetry  were 
due  to  derivatization  of  surface  oxides,  a  control  experi¬ 
ment  was  performed  in  which  tetramethylsilane  was  used 
instead  of  chlorotrimethylsilane  but  otherwise  identical 
conditions  were  employed.  The  tetramethylsilane  is  not 
labile  toward  substitution,  and  surface  oxides  are  unaf¬ 
fected. 

Electrochemical  measurements. — Cyclic  voltammetry 
was  performed  at  0.2  V/s  as  described  previously,”  with  an 
analog  triangular  waveform  and  a  laboratory  computer. 
For  GC  and  HOPG  experiments,  the  electrochemic^  cell 
was  constructed  of  Teflon  and  was  equipped  with  a  quartz 
window  through  which  the  electrode  could  be  laser  irradi¬ 
ated.  The  three-electrode  cell  was  completed  with  a  Bioan- 
alytical  Systems  Ag/AgCl  (3M  NaCl)  reference  electrode 
and  a  platinum  wire  auxiliary  electrode.  Electrode  areas 
for  HOPG  were  defined  by  an  o-ring  and  were  approxi¬ 
mately  0.02  cm*. 

Rate  constants  for  GC  were  calculated  by  the  method  of 
Nicholson,**  assuming  a  =  0.5;  k"  values  for  HOPG  were 
obtained  through  comparison  of  experimental  voltamme¬ 
try  to  simulations  involving  a  potential-dependent  a.**  The 
rate  constants  were  calculate  with  literature  values  for 
diffusion  coefficients:  Fe^,  Da  =  9  x  10~*  cm*/s  (O.IM 
HaO,):****  Eu^,  D.  =  7.9  X  10'*  cm*/s  (pH  0.3,  lAf  NaClO,/ 
HQO,);*’  V^,  Do  =  5.2  x  lO'*  cm*/s  (IM  HCnO,).**  In  aU 
cases,  it  was  assumed  that  Da  3  D,  for  the  rate-constant 
calculations. 

Reagents. — Fe^  and  Eu;J  solutions  were  prepared 
at  5  mAf  concentrations  for  GC  experiments  and  at 
10  mitf  concentrations  for  HOPG  experiments  from 
Fe(NH,),(S04),  6H,0  (J.T.  Baker,  Inc.)  and  Eu(NO,), 
(HjO),  (Aldri^).  V^  solutions  were  prepared  at  3  to  5  mM 
concentrations  for  GC  and  HOPG  experiments  from  VCI3 
(Aldrich).  Supporting  electrolyte  solutions  were  prepared 
with  70%  HCIO,  (GFS  Chemicals)  at  a  concentration  of 
0.2M  iinim  spewed  otherwise.  HCIO,  was  used  as  the 
supporting  electrolyte  due  to  its  weak  interaction  with 
aquated  metal  ions.******  Electrochemical  pretreatment 
and  laser  activation  procedures  were  performed  in  H^SO, 
(Mallinckrodt).  All  solutions  -were  prepared  with  NANOp- 
ure  water  and  were  degassed  with  argon  or  nitrogen  prior 
to  use.  ClSiMej  and  SiMe,  were  obtained  from  Al^ch,  and 
ClSiMe,  was  distilled  before  use. 
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Polished  GC 

Polished  GC/ 
kser  activated 
(3  X  at  25  MW/cm’)* 

Fiactund 

GC 

Frac/ECP'GC 

HOPG 

HOPG/ECP“ 

Eui«* 

258  i  39*  (51* 

428  i  27  [71 

441  i  72  (81 

283  [21 
>531  [31 

188  z  19  [91 

509  t:  42  [81 

314  r:  13  (41 

93  £  11  [81 

70  i  4  [41 

95  ±  9  [41 

1082  r  225  (91 

938  r  188  [51 
>835  [41 

182  =  22  [41 
193  ::  18  (31 
372  i  6  [31 

•  V  -  0.2  V/s. 

'  Laser  activation  perfonned  in  l.Otf  H(SO,. 

‘  ECP  procedure  for  GC  consisted  of  cyeUnf  from  0  to  2.2  V  at  0.2  V/s  for  3  to  S  cycles. 
''  ECP  procedure  same  as  GC.  but  20  eyelet:. 

*  Standard  deviation. 

'  Number  of  trials. 
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The  first  issue  to  consider  is  the  kinetic  behavior  of 
Fe;^'*’.  Eu^'*'.  and  on  carbon  surfaces  which  are  as 
well  characterized  as  currently  possible.  When  considering 
the  voltammograms  of  Fig.  1  to  3,  a  visual  indication  of 
increased  electron-transfer  rate  is  a  decrease  in  A£,,  which 
is  then  reflected  in  the  fc*  results.  Figure  1  shows  voltam¬ 
mograms  for  the  equated  systems  and  FefCN),’''*  on  a  GC 
surface  immediately  after  exposure  to  the  solution  by  frac¬ 
turing.  It  is  clear  that  the  equated  ions  are  kinetically 
slower  than  Fe(CN)«"'*  on  fractured  GC.  As  indicated  in 
Ibble  I.  laser  activation  of  a  polished  GC  surface  has  little 
effect  on  Fe;^'*’  and  Eu;J''‘  kinetics,  in  contrast  to  the  large 
increase  in  rate  observed  for  Fe(CN)i'*'■^  *■”  Figure  2  shows 
voltammograms  obtained  on  HOPG,  with  all  four  redox 
systems  exhibiting  much  larger  A£p  values  than  on  GC. 
Although  the  use  of  a  conventional  cell  prevented  valida¬ 
tion  of  the  HOPG  surfaces,"  the  SEp  values  listed  in  Tbble  I 
were  reproducibly  high,  exceeding  800  mV  for  the  equated 
ions.  Thus  the  behavior  of  Fe;?*’,  Eu^",  and  on  either 

fractured  GC  or  basal  plane  HOPG  is  consistent  with  slow 
electron-transfer  kinetics. 

Figure  3A  and  B  shows  the  dramatic  effect  of  one  ECP 
cycle  on  the  voltammetry  of  Fe"'*’  and  Eu*"**  on  GC.  After 
even  this  minimal  treatment,  SEp  for  Eu**^  decreased  from 
440  mV  for  the  fractured  surface  to  76  mV  (Table  I).  Fe*"** 
and  V^*’  also  exhibited  major  decreases  in  AEp  on  ECP. 
Figure  4  shows  the  effects  of  successive  ECP  cycles  on  A£p, 


with  the  greatest  changes  occurring  in  the  first  few  cycles. 
A  qualitatively  similar  effect  was  observed  for  HOPG,  al¬ 
though  a  larger  number  of  ECP  cycles  was  required  (20  vs. 
I  to  3).  The  voltammetry  for  Fe**"*  and  Eu'^''’  on  HOPG 
before  and  after  ECP  is  shown  in  ITg.  3C  and  D,  and  the 
results  are  listed  in  Table  I. 

To  test  whether  the  kinetic  effects  of  ECP  are  mediated 
by  surface  oxides,  the  stirface  was  silanized  with  ClSiMe,. 
The  unreactive  SiMe,  acted  as  a  control.  The  effects  of 
silanization  on  Eu*""  voltammetry  are  shown  in  Table  n, 
with  entries  A  to  E  representing  successive  treatments, 
starting  with  fractured  GC.  ClSiMej  completely  negates  the 
effects  of  ECP-induced  activation  on  Eu*^*’  kinetics  (entry 
C),  while  hydrolysis  of  the  silanized  surface  with  base  re¬ 
stores  most  of  the  reactivity  of  the  ECP  surface  (entry  E). 
The  SiMct  reagent  increases  AEp  somewhat,  but  its  eSects 
are  much  smaller  and  probably  due  to  adsorption  of  or¬ 
ganic  impurities.  Table  H  demonstrates  that  the  ECP-in¬ 
duced  activation  of  Eu*"**  charge  transfer  on  GC  is  elimi¬ 
nated  by  silanization. 

The  possibility  of  Cl'  catalysis’”’  on  GC  was  tested  by 
adding  small  amounts  of  Cl'  to  the  electrolyte.  For  Au  and 
Pt  electrodes,  Cl'  chemisorption  greatly  accelerates  Fe*’"’ 
electron  transfer  even  at  low  (10'’M)  Cl~  concentrations. 
Neither  10'*  nor  0.2ilf  O'  had  any  observable  effect  on 
Fe-v-i  voltammetry  at  fractured  GC.  High  (lAf )  O'  did  in¬ 
crease  fc'  for  Eu**'*’  on  fractured  GC,  probably  via  forma¬ 
tion  of  a  chloro  complex  of  Eu*’'"  rather  than  a  bridging 
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mechanism.  Finally,  the  possibility  that  freshly  fractured 
GC  was  oxidized  by  dissolved  oxygen  was  tested  by  tepeat- 
ing  the  kinetic  measurement  in  IM  HCIO,  saturated  with 
aic  No  change  in  the  behavior  of  Fe**'*’  was  observed,  nei¬ 
ther  initially  nor  after  1  h  in  air-satuiated  electrolyte. 

Disomioii 

Past  efforts  to  characterize  carbon  electrode  surfaces 
have  led  to  the  proposal  that  fractured  GC  is  the  GC  surface 
least  modified  by  impurities,  oxides,  and  intentional  sur¬ 
face  chemical  changes.*”^  Accordingly,  the  fractured  GC 
surface  should  represent  the  closest  approximation  cur¬ 
rently  available  to  a  pristine  GC  surface.  Similarly,  low-de¬ 
fect  HOPG  basal  plane  is  an  ordered  surface  of  known 
structure  which  has  been  characterized  electrochemically. 
Ihese  two  electrode  materials  provide  good  reference  sur¬ 
faces  for  evaluating  the  kinetics  of  various  redox  systems 
on  carbon  electrodes.  We  reported  previously  the  heteroge¬ 
neous  rate  constants  for  several  redox  systems  on  HOPC 
and  laser-activated  GC."  Although  the  rate  constants  on 
HOPG  were  significantly  lower  than  those  on  GC,  they  did 


Number  of  ECP  Cycles 


in  oaab  iipawlleii  wnbar  of  ECP  cydss  far 


Foi;,  and  V^on  fcoctoiad  GC  ECP  pracoduiM  omat^  0 

Z2ycyclatin  iS HjSO^. Una indkatos wvanMs limit. 


correlate  with  homogeneous-self -exchange  rate  constants 
(kaJ.  Unfortunately,  the  fc°  values  on  laser-activated  or 
fractured  GC  are  near  or  above  the  upper  insmunental 
limit  for  the  systems  studied  previously,  so  reliable  correla¬ 
tions  of  fc°  and  were  not  possible  for  GC. 

First  for  the  unoxidized  carbon  surfaces,  it  is  possible  to 
relate  k°  to  for  and  in  part  because 

their  k°  values  are  well  within  the  measurable  range.  The 
first  four  columiu  of  Thble  HI  compare  kinetic  data  and 
predictions  for  five  redox  systems  on  fractured  GC  and 
basal-plane  HOPG.  The  theoretical  fc'  values,  (fc5J  were 
calculated  fiom  the  simplest  Marcus  equation 


(k^Y'*  k° 

lz„j  “Zh 


[11 


where  Z„  =  10"  M‘‘  s"'  and  Z^  =  10‘  cm  s’*.  Several  impor¬ 
tant  work-term  and  double-layer  corrections  have  been  de¬ 
veloped  for  this  expression  by  Weaver  et  al.,  but  both  the 
simple  and  corrected  expression  predict  that  fc*  tracks 
kM  II sijjpg  these  corrections  are  not  yet  possible  for  car¬ 
bon  electrodes  due  to  their  unknown  double-layer  proper¬ 
ties,  we  shall  use  Eq.  1  as  a  first  approximation  for  predic¬ 
tions  of  from 

Several  observations  are  available  from  Table  HI.  First, 
the  five  redox  systems  cover  a  wide  range  of  predicted 
with  the  aquat^  ions  easily  within  the  measurable  range 
of  rate  constants.  Second,  the  k°  on  fractured  GC  (k^)  is 
within  a  factor  of  16  of  that  predicted  from  Eq.  1.  ThM, 


Idris  I.  fiiacto  of  lEanaalton  on  Em^*’ vabanHMlry. 


4£p(mVr 

Reacts 


aSiMe, 

SiMe, 

A. 

Fractured  GC 

490 

492 

B. 

Fractured  after  ECP 

70 

68 

C. 

B.  *  silane  *  MeOH  wash 

442 

149 

D. 

C.  +  second  MeOH  wash 

470 

202 

E. 

O.  +  KOH/MeOH  wash 

123 

110 

*  A£p  values  were  acquired  at  0.2  V/s  and  are  averages  of  two 
trials  for  both  reagents. 
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/eS“ 

ki-* 

LA  d 

^ECP/OC 

System 

(M-'^-‘) 

(cm/s) 

(cm/s) 

(cm/s) 

(cm/sl 

Fe;***  • 

1  X  10* 

1  X  to  ’ 

(2.3  z:  0.9) 

1.4  X  10-  (3) 

0.3) 

X10-(81 

xlO  ' 

151 

2  X  10'* 

4  X  10- 

(«  =4) 

X10-‘l81 

2.5  X  10-  12) 

(4.0  * 
xlO- 

0.1) 

■141 

O.OS 

7  X  10* 

(4.5  -  0.5) 

<3  X  10-  (1) 

(8.7  r 

0  3) 

xlO-14) 

XlO' 

'  (41 

FelCN);*''*  • 

2  X  10* 

4.2 

20.5 

<10- 

Ru(NH,);*'*’  • 

4  X  10* 

1.9 

0.3 

9  X  10- 

*  data  from  Ref.  34. 

"  (Sculated  from  £q.  1. 

°  Rate  constants  indicate  mean  and  standard  deviation,  number  in  brackets  is  number  of  trials. 

‘  HOPG  rate  constants  obtaiimd  from  comparison  to  simulations  for  HOPG  C-Vk;  surfaces  were  not  validated. 
'  Data  from  Ref.  16. 


is  lower  than  for  all  cases  except  Fe*’'*’,  consistent 
with  Hupp  and  Weaver’s  observations  of  the  effects  of  work 
terms  on  k"  for  mercury  electrodes.**  Fourth,  fc“  on  HOPG  is 
much  lower  than  both  k°  on  fractured  GC  and  ki  as  ob¬ 
served  previously  for  numerous  outer-sphere  systems.  **  The 
most  likely  cause  of  this  difference  is  the  low  density  of 
electronic  states  in  HOPG.  As  noted  in  the  Experimoital 
section,  the  HOPG  surfaces  were  not  validated  due  to  the 
use  of  a  cell  rather  than  inverted  drop  (resulting  in  strain- 
induced  defects),  so  the  Ichofo  values  represent  upper  limits 
of  the  true  basal-plane  values.  Fifth,  a  least  squares  line  for 
a  plot  of  log  vs.  log  fcoc  for  the  systems  in  Table  Dl  has 
a  slope  of  0.42  ^  0.08,  intercept  of  -2.2  ±  0.6,  and  a  corre¬ 
lation  coefficient  of  0.95.  Although  tl  3  fit  is  not  as  good  as 
that  for  a  more  sophisticated  treatment  of  the  aquated  re¬ 
dox  systems  on  a  mercury  electrode,**  the  slope  and  inter¬ 
cept  are  near  the  values  of  0.50  and  -1.5  predicted  from 
Eq.  1.  Since  the  double-layer  and  work-term  correctians 
for  carbon  electrodes  are  not  available,  the  observed  het¬ 
erogeneous  rate  constants  observed  on  fractured  GC  are 
approximately  consistent  with  Eq.  1.  Finally,  the  rates  on 
fractured  GC  were  slightly  higher  than  those  on  laser-acti¬ 
vated  GC  for  the  aquated  ions  (see  Table  1),  but  this  differ¬ 
ence  is  insignificant  compared  to  the  difference  between 
GC  and  HOPG. 

The  overall  conclusion  for  fractured  GC  and  HOPG 
before  ECP  is  that  Fe'*'**,  Eu**'*’,  and  V*”"’  behave  approxi¬ 
mately  the  same  as  outer-sphere  systems  such  as 
Ru(NHj)?'**,  IrCU*'“’.  etc.  In  particulai;  the  observed  fc*  for 
fractured  GC  (when  it  can  be  measured)  is  within  an  order 
of  magnitude  of  that  predicted  from  Eq.  1,  and  the  devia¬ 
tion  from  ki  is  generally  on  the  low  side.  As  was  the  case  for 
previous  outer-sphere  systems,  aquated  ions  exhibit  sub¬ 
stantially  slower  kinetics  on  HOra,  probably  because  of 
the  unusual  electronic  properties  of  HOPG.  Figure  5  shows 
the  aquated  ion  results  from  fractured  GC  and  HOPG  plot¬ 
ted  together  with  previous  data  for  other  redox  systems. 
Although  the  scatter  is  significant,  the  aquated  ions  follow 
the  same  trends  as  the  faster  outer-sphere  systems. 

Although  the  kinetics  observed  on  fractured  GC  and 
HOPG  for  the  aquated  ions  are  reasonably  consistent  with 
that  expected  for  outerephere  electron  transfer,  the  behav¬ 
ior  following  electrochemical  surface  oxidation  is  differ¬ 
ent.  As  shown  in  Fig.  3  and  Thble  m  (fifth  column),  ECP 
significantly  increases  fc”,  by  factors  of  5.2  (for  Fe*"**),  19 
(V*"**),  and  500  (Eu**"*).  For  Eu*"*’,  the  ECP-induced  rate 
increase  is  elimirated  reversibly  by  silanization,  indicating 
that  the  rate  enhancement  is  me^ated  by  surface  oxides. 
The  intent  of  using  HOPG  basal  plane  and  fractured  GC 
was  to  compare  ECP  surfaces  with  reference  surfaces  as 
low  as  possible  in  surface  oxides.  Low  defect  HOPG  is  cer¬ 
tainly  low  in  oxides,  and  fractured  GC  also  has  zero  oxide 
coverage,  at  least  at  the  instant  of  fracture.  Schrader*''** 
used  x-ray  photoemission  spectroscopy  (XPS)  to  demon¬ 
strate  that  argon-ion-damaged  HOPG  does  not  react  with 
HiO  to  form  surface  oxides  in  UHV  conditiems.  That  satu¬ 
ration  of  the  solution  with  air  before  fracturing  has  no  ef¬ 
fect  on  the  Fe**'**  rate  implies  that  oxidation  by  air  does  not 


lead  to  a  catalytically  active  surface.  It  is  difficult  to  rule 
out  low  levels  of  oxides  on  fractured  GC,  but  it  is  clear  that 
ECP  causes  a  major  rate  increase,  and  that  fractured  GC  is 
a  useful  reference  surface  exhibiting  primarily  outer- 
sphere  electron  transfer.  Hius  the  kinetic  behavior  exhib¬ 
ited  in  Fig.  1  and  2  and  the  third  and  fourth  columns  of 
Table  in  is  that  for  surfaces  with  minimal  (if  any)  oxide 
related  catalysis. 

Hie  possible  origins  of  the  ECP-induced  rate  may  involve 
several  phenomena,  including  indirect  effects  such  as  dou¬ 
ble-layer  corrections,  changes  in  hjrdrophobicity  or  ad¬ 
sorption,  or  more  direct  effects  such  as  iimer-sphere  cataly¬ 
sis.  While  ECP-induced  oxide  formation  may  alter 
double-layer  structure  substantially,  such  effects  seem  un¬ 
likely  in  the  aquated  ions  studied  here.  A  double-layer  cor¬ 
rection  should  depend  strongly  on  the  position  of  rela¬ 
tive  to  the  pzc  (-0.2  vs.  Ag/AgCl  for  HOPG,**** co.  +0.1  V 
for  GC).**  Yet  ^  three  systems  show  rate  increases  even 
though  they  have  Eu»  values  ranging  from  ca.  +0.5  to  -  0  .7  V 
vs.  Ag/AgCl.  Wightman  et  al.  showed  that  Frumkin  effects 
are  observed  for  GC  at  elevated  pH  where  surface  carbwty- 
lates  are  deprotonated,  but  disappeared  below  pH  3.”  All 
the  current  results  were  obtained  in  0.2M  acid,  where  car- 
boxylates  should  be  uncharged.  Adsorption  to  the  oxidized 
surface  was  tested  by  comparing  experimental  and  simu¬ 
lated  voltammograms  and  by  semi-integration.”  No  evi¬ 
dence  of  adsorption  was  observed  on  the  surfaces  formed 
by  3  to  5  ECP  cycles,  although  some  was  apparent  for  heav- 
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ily  oxidized  surfaces.  The  oxidized  surface  is  probably  less 
hydrophobic  than  fractured  GC  and  certainly  less  than 
HOPG,  but  hydrophobic  effects  did  not  appear  important 
for  the  series  of  outer-sphere  systems  studied  previously. 
Redox  systems  of  different  electrostatic  charge,  and  pre¬ 
sumably  different  sensitivity  to  hydrophobic  effects,  did 
not  vary  greatly  in  rate  on  HOPG.“ 

The  key  obs^ation  leading  to  the  origin  of  the  ECP-in- 
duced  rate  increase  is  that  ECP  yields  Ic*  values  above  those 
predicted  by  Eq.  1  for  outer-sphere  electron  transfer.  Fur¬ 
thermore,  inner-sphere  catalysis  via  bridging  groups  has 
been  reported  for  Fe'*'**  on  Pt  and  Au  in  Cl"  media,’*^  and 
for  Fe'*"’  in  cytochromes  on  poUshed  graphite.*'  the  lat¬ 
ter  case,  catalysis  was  blocked  by  silanization  or  cationic 
species  such  as  Mg**.  The  observations  lead  to  a  proposal 
that  surface  oxides  on  carbon  provide  an  inner-sphere 
route  for  electron  transfer  to  Fe;J'**,  EuJ^**,  and  which 

increases  the  rate  constant  substantially  over  the  outer- 
sphere  value.  Oxide  catalysis  at  GC  is  aiudogous  to  Cr 
catalysis  of  Fe**'**  at  Au  and  Pt,  and  likely  involves  a  qual¬ 
itatively  similar  bridging  mechanism.  ECP  also  reduced 
the  rate  differences  among  the  three  aquated  ions  observed 
on  the  fractured  GC  surface,  with  the  ki^  values  differing 
by  a  factor  of  28  ^d  kicna  by  a  factor  of  S.  For  a  bridging 
mechanism  to  be  significant  for  Fe^^*,  Eu^'**,  and  the 

aquated  ions  must  be  substitution  labile.  The  water-ex¬ 
change  rate  constants  for  several  relevant  ions  are  as  fol¬ 
lows,  all  expressed  as  common  logorithms:  Fe’*,  6.64;  Fe**, 
2.20;  V*,  1.9;  V*‘,  2.7;“  and  Ru**,  -1.84;  Ru**.  -5.3.“  Eu*"** 
water  exchange  is  too  fast  to  measure,  but  similar  lan¬ 
thanides  have  water-exchange  rate  constants  in  the  range 
of  10’  to  10*  M-‘  s".  “  Thus  Fe^"**,  Eu^"*,  and  V;"**  exhibit 
fast  ligand  exchange  rates  i^mpared  to  the  substitution 
inert  Ru'*"*  systems. 

The  inhibition  of  oxide  catalysis  by  silanization  implies 
the  involvement  of  -OH,  -COOH,  or  similar  hydroxyl-con¬ 
taining  functional  groups  in  the  inner-sphere  route.  Al¬ 
though  hydroxyl-containing  functional  groups  in  the  in¬ 
ner-sphere  route.  Althou^  hydroxyl  and  carboxylate 
functional  groups  have  long  hero  known  to  occur  on  oxi¬ 
dized  carbon  si^aces,  a  structure  proposed  by  Kozlowski 
and  Sherwood*'  may  be  particularly  relevant  here.  XPS 
spectra  of  carbon  fibers  after  ECP  supports  the  formation 
of  structure  1.  This  structure  may  exist  primarily  as  struc¬ 
ture  2,  which  is  itself  similar  to  the  common  inorganic  lig¬ 
and  aeetoacetonate  (acac).  Presinnably  the  formation  of 
structure  2  would  be  prevented  by  silanization. 


Smjcturea 


The  aquated  ions  studied  here  are  fairly  weak  and  substi¬ 
tution  labile,  while  the  corresponding  acac  comploces  are 
quite  strong  (e.p.,  for  (FeO^cac  (H,0)J**  is  10'*)."  It 
is  reasonable  to  pnxxMe  that  ixmer-sphere  catalysis  of 
FelJ'**,  Eu;"*’,  and  V^**  involves  an  intermediate  such  as 
structure  3.  The  relatively  strong  interactitm  of  the  metal 


ion  with  the  surface  acac  group  may  provide  the  dnvi.'ig 
force  for  inner-sphere  catalysis,  and  possibly  for  displace¬ 
ment  of  the  proton  in  structure  2. 

In  summary,  the  Fe;5'**.  Eu;^'**,  and  1^**  redox  systems 
are  slow  on  either  fractured  GC  or  HOPG,  as  is  consistent 
with  their  low  self-exchange  rates.  On  fractured  GC  with 
presumably  low  oxide  coverage,  the  observed  rate  con¬ 
stants  are  approximately  those  predicted  from  simple  Mar¬ 
cus  theory.  Even  minor  electrochemical  oxidation  of  the  GC 
(or  HOPG)  surface  leads  to  large  increases  in  observed  ra'  ? 
constants,  consistent  with  an  oxide  mediated  inner-sphere 
catalytic  route.  A  surface  oxide  structure  observed  on  oxi¬ 
dized  carbon  fibers  is  a  possible  site  for  transient  metal-ion 
binding  and  catalysis,  although  alternative  mechan’sms 
based  on  double-layer  or  hydrophobic  effects  cannot  be 
ruled  out  completely. 
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